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Chapter 1
Introduction
Theme: Understanding chemical molecular interactions and their relationship to
macroscopic performance properties of polymer materials

Macroscopic material properties: strength, toughness, permeability,
conductivity, color, optical transparency are all widely understood to be influenced
by the material’s molecular properties. An example is the hardness of a diamond
being an expression of its highly ordered, chemically stable, covalently bound
carbon crystal structure – a ceramic. Conversely, the toughness and tensile
properties of polymers are the result of molecular chain entanglements and their
intermolecular interactions[1-4].

Staudinger [5] proposed a macromolecular theory justifying the existence
of polymer molecules through observations of polystyrene. However, an
understanding of polymers at the molecular level was not widely accepted until
Carothers produced the first synthetic polymer in 1935, polyamide-6-6, later
commercialized as nylon by DuPont. Polyamides, in all their variety, remain the
most widely used polymers in the world today[2, 6, 7].

Polyamides are a class of polymers named for their characteristic amide
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bonds that link the monomer chain units. Oversimplified, polyamides would
be any polymer that has a R1R2N-COR3 bond at chain linkages, and would
include several classes of polymers: polypeptides, polyurethanes, polyimides,
and polyamides. KaptonTM is a popular polyimide, and NylonTM and KevlarTM are
examples of commercial polyamides. The amide bond R1R2N-COR3 is a polar
bond that can hydrogen bond with other amide bonds to form aligned, stiﬀ, and
thermally stable impermeable crystalline domains. Crystallinity in a polyamide
happens spontaneously in aliphatic polyamides such as polyamide-11 (PA11).
With both amorphous and crystalline regions, polyamides are uniquely well suited
for applications where toughness, thermal and chemical stability are important.
Polyamides and polymers in general can be chemically designed and customized
to solve unique material performance property challenges.

With the need to transport crude oil from the ocean floor, a major issue faced
by the oil companies was the design of flexible risers to transport crude from the
sea floor to oﬀshore platforms. In 1957 the French government funded research
to determine what material would best contain the crude in flexible pipelines. The
polymer PA11, obtained from the castor bean, was chosen. To contain crude oil
and act as the pipeline pressure sheath, the polymer PA11 had to be chemically
resistant, strong, and tough[8].

While in use, it was discovered that over time PA11 would become brittle
and the pipelines could rupture. Sudden failures and oil spills propelled a wellfunded interest to predict and avoid pipeline failure. This led to a worldwide
2

study of PA11’s mechanical and hydrolysis properties during use. Measurement
of mechanical properties did not forecast failure as it was sudden and without
symptoms. However, with a focus on how molecular properties aﬀect the
mechanical properties, world-wide laboratory studies were conducted to
investigate the behavior of PA-11 under simulated oﬀshore field conditions.
The average molecular weight, and average length of the polymer chains, were
determined to be the fundamental and critical molecular property to be monitored
and characterized to predict the approach of the onset of PA11 embrittlement and
thereby avoid flexible riser failure[9].

For applications such as the transport of crude oil, the mechanical,
permeability, and swelling properties are all of interest. Mechanical properties
include tensile modulus, ultimate strength, ultimate strain, hardness and wear
resistance. The macroscopic performance criteria are dependent upon the
particular application. Some applications require high thermal stability. PA11 is
well suited at temperatures of 60 ˚C to 90 ˚C. A higher temperature stability would
require a diﬀerent kind of amide, such as the ODA-BTDA polyimide or at 120 ˚C, a
polymer such as poly vinyl difluoride.

Polyimides (PI) are a family of high-performance polymers that derive excellent
mechanical strength, thermal resistance, and chemical resistance from their
stable and rigid imide bonds. Their stiﬀness starts as an amide bond that is then
further reacted to form an imide ring. Two C=O groups attach to the nitrogen to
form an imide group in place of one in an amide. Polyimides can be found in a
3

wide array of industrial applications such as electric motors, jet engine blades,
aircraft wire, and molded pistons and seals. Recent aerospace applications of PI
films include the Mars Explorers Curiosity and Spirit [10], the European Space
Agency’s Rosetta space probe [11], and the sun shield of NASA’s James Webb
Space Telescope [12]. In all of the PI applications, eﬃciency can be improved
by using less material to eﬀect the same utility. Additionally, in some cases, the
use of PI can enable new applications or technologies in extreme environments,
e.g. outer space. In a global eﬀort to make better and enabling materials, many
diﬀerent fillers and nano-fillers have been researched for polyimide and polyamide
nanocomposites. In recent years, graphene has been explored as a nano-filler to
make nanocomposites with new and more advantageous properties.

A wide interest in graphene’s exceptional strength has revitalized research
involving the analogous compound graphene oxide (GO). GO has nearly the
same strength and barrier properties as pristine graphene, given the very high
aspect ratio planar honeycomb structure. GO has the same honeycomb structure
as graphene but with oxygen-containing functional groups on the surface of
the planar carbon. These oxygen containing functional groups are ketones,
6-membered lactol rings, alcohols, epoxides and hydroxyl groups[13]. As a result,
GO is a polar hydrophilic material compared to graphene, which is nonpolar and
hydrophobic. GO, unlike graphene, can be dispersed into water and solvents[14]
commonly used in polymer precursor resins or mixtures to create GO-polymer
nanocomposites. Also, the oxide groups on the GO surface can be reacted with

4

diﬀerent chemical groups for improved polymer nanocomposite performance
properties.

By combining several molecular measurement techniques, the molecular
behavior of a polymer, the eﬀect of additives such as GO, and the chemistry of the
environment can be characterized. Molecular measurements can be correlated to
the macroscopic performance properties to identify molecular measurements to
be monitored for predicting changes in macroscopic performance properties. As
an example, the chemistry of polymer chains and their intermolecular interactions
with each other and fillers such as GO can be probed with infrared light: fourier
transform infrared spectroscopy (FTIR). FTIR can determine the presence of
functional groups and resolve the relative intensities for quantification. Shifts in
the FTIR peak positions reflect intermolecular interactions between functional
groups within the material, such as hydrogen bonding, which aﬀects polymer chain
mobility and in turn water vapor permeability.

The two polymers that are studied in this dissertation are polyamide-11 and
a 4,4-oxidianiline and 3,3’-benzophenonetetra-carboxylic polymide. These two
linear polymers when polymerized form a distribution of chain lengths where
each polymer exhibits diﬀering degrees of entanglement and crystallinity. Size
exclusion chromatography (SEC) can be used to measure the distribution of
molecular chain lengths. Multi-anlge laser light scattering (MALLS) can directly
measure the molecular weight within the distribution. Thereby SEC-MALLS when
combined determines the distribution in the chain lengths as well as the number
5

and mass average molecular weight (Mn & Mm) of the distribution.

Hydrolytic degradation of the amide bond leads to lower molecular weights.
Hydrolysis is the process by which water attaches to the amide bond to chemically
break the bond. A competing reaction is polymerization where amide bonds
are formed through condensation, Equation 2-1. Equation 2-1 is an equilibrium
equation where the steady state chemistry is determined by the environment. The
rate of chain scission is denoted by a hydrolysis rate constant kH, and the rate of
re-polymerization is denoted kP. The reaction favors kH or kP by changes in the
thermal and chemical environment, or by adding a catalyst.

There are three mechanisms for hydrolysis of an amide bond: base catalyzed
Figure 2-1, acid catalyzed Figure 2-2, and water assisted Figure 2-3. In an acidic
environment, an acid will catalyze the amide hydrolysis reaction and the activation
energy of hydrolysis is reduced[15-17]. Theoretically, the rate of acid catalyzed
amide hydrolysis is a function of the water and the environmental pH.

Earlier in our group, Glover [18] documented that organic acids such as
acetic acid found in crude production water could lead to increased molecular
weight degradation during accelerated aging tests of PA11. Chapter 3 describes
a series of experiments that show the unexpected result that weak small organic
acids at low concentrations hydrolyze PA11 at rates approximately twice that of a
water HCl solution of the same pH. The study was done in an anaerobic aqueous
environment to avoid oxidation and so the molecular weight degradation occurred
6

exclusively through hydrolysis reactions. Chapter 3 demonstrates that the
diﬀusion of the acid into the polymer is the molecular basis for the unexpectedly
accelerated molecular weight reduction and accelerated reduction in mechanical
properties. Chapter 3 reports results on the hydrolysis of polyamide-11
polymerized from aminoundecanoic acid, both neat and a commercial plasticized
composition, placed in water at 100 ˚C and 120 ˚C under anaerobic conditions
in high pressure glass tubes. As a result of this work, it is evident that knowledge
of the acid molecular diﬀusion and solubility in the polymer is more important
than the environmental pH for predicting degradation of polyamide-11’s molecular
weight and its service lifetimes. This work has resulted in an ongoing joint
industry investigation of acetic acid in oil fields throughout the world.

The performance properties of a polymer are directly related to other
molecular properties of the polymer beyond the critical chain length. Fundamental
molecular relationships and performance properties can be diﬃcult to characterize
as molecular properties are often inter-related with one another. For example, in
PA11 the molecular weight and crystallinity content are inversely proportional:
when polymerized a higher molecular weight has a smaller crystallinity, and a
lower molecular weight has a higher crystallinity.

Since 2003, the mass average molecular weight of approximately 35 kDa has
been considered to be the onset molecular weight for the ductile-brittle phase
transition, and the safe use criteria for PA11 lined deep sea flexible risers[9, 19].
Chapter 4 illuminates this inter-relationship between molecular crystallinity and
7

molecular weight in PA11, and the inter-related joint influence on the macroscopic
ductility. This work shows that there is a critical crystallinity content of 35% (66 J⁄g)
that determines the Mm for the onset of the ductile-brittle transition. The Mm has a
large eﬀect on the decreasing ductility with increasing crystallinity once the critical
crystallinity of 66 J⁄g is achieved.

To improve PA11’s resistance to hydrolytic degradation, Chapter 5 describes
the incorporation of graphene oxide (GO) into PA11 via in-situ polymerization.
The chapter describes why at the molecular level, the GO-PA11 nanocomposite
displays significantly improved resistance to hydrolytic degradation. The
decreased rate of degradation and resulting 50 % increase in equilibrium
molecular weight of PA11 was attributed to the highly asymmetric planar GO nanosheets that inhibited the molecular mobility of water and the polymer chain. The
crystallinity of the polymer matrix was similarly aﬀected by a reduction in mobility
during annealing due to the GO nanoparticles’ chemistry and highly asymmetric
nano-planar sheet structure.

GO’s eﬀect on chain mobility is further described by the results in Chapter
6, where polyimide is combined with GO at concentrations of 0.01 to 0.10
weight percent (wt%). The performance properties of polyimide (PI), made from
3,3’-benzophenonetetra¬carboxylic dianhydride (BTDA) and 4-4’ oxydianiline
(ODA), were strongly aﬀected at extremely low GO and functionalized GO
concentrations. The improved barrier properties of the polyimide nanocomposites
observed for the GO and much more so for the functionalized GO are attributed
8

to tortuosity and a stabilizing eﬀect on the polymer matrix of the chemical groups
on the surface of the GO sheets. The resulting decrease in the mobility of the
PI chain reduced water diﬀusion through the polymer matrix. ATR-FTIR, WAXS,
Raman and Tg results support this molecular understanding.

Macroscopic properties of polymers and in general all types of materials are
innately related to their molecular structure and intermolecular properties. This
dissertation oﬀers scientific evidence on how the molecular structure, chain
properties, and inter-molecular chain interactions within PA11 can be used to
explain and predict improved macro level performance properties; and how the
addition of graphene oxide nanosheets enhances the performance properties of
PA11 and polyimide(ODA-BTDA) through those same intermolecular interactions.

9

1.1

REFERENCES

[1_1]

ODIAN, G. 2004. Principles of Polymerization, Hoboken, New Jersey, John

Wiley & Sons, Inc.

[1_2]

COWIE, J. M. G. & ARRIGHI, V. 2007. Polymers: Chemistry and Physics of

Modern Materials, Boca Raton, FL, CRC Press.

[1_3]

WELTER, J., KIM, S., SANTOR, K. & MALINOWSKI, S. (eds.) 2008.

Fundamentals of Materials Science and Engineering, Hoboken, NJ: John Wiley
& Sons.

[1_4]

KUMAR, A. & GUPTA, R. K. 2011. Fundamentals of Polymer Engineering.

1-712.

[1_5]

STAUDINGER, H. 1920. Über Polymerisation. Berichte der deutschen

chemischen Gesellschaft (A and B Series), 53, 1073-1085.

[1_6]

FLORY, P. J. & FLORY, J. 1936. Molecular Size Distribution in Linear

Condensation Polymers 1. Journal of the American Chemical Society, 58, 18771885.

[1_7]

RAPOLU, S. 2010. The Future of the Offshore Drilling Industry to 2015 -

Market Analysis, Capital Expenditure and Competitive Landscape. 1-4.

[1_8]

LANGE, H., BERGE, S., ROGNE, T. & GLOMSAKER, T. 2004. Material

Selection in the Offshore Industry. SINTEF Materials and Chemistry.

10

1404778145 ed.: MARINTEK.

[1_9]

API 2003. Technical Report 17TR2, The Ageing of PA-11 in Flexible Pipes.

Washington, DC: American Petroleum Institute.

[1_10] DUPONT 2015a. Electronic Materials Go to Mars and Beyond. DuPont
Electronic Materials.

[1_11] DUPONT 2015b. Kapton Plays Important Role on Rosetta Mission 2015.

[1_12] DUPONT 2013. NASA’s Webb Telescope Sunshield made with DuPont
Kapton polyimide film.

[1_13] DREYER, D. R., PARK, S., BIELAWSKI, C. W. & RUOFF, R. S. 2010. The
chemistry of graphene oxide. Chemical Society Reviews, 39, 228-240.

[1_14] KIM, H., ABDALA, A. A. & MACOSKO, C. W. 2010. Graphene⁄Polymer
Nanocomposites. Macromolecules, 43, 6515-6530.

[1_15] ZAHN, D. 2003. Theoretical study of the mechanisms of acid-catalyzed
amide hydrolysis in aqueous solution. Journal of Physical Chemistry B, 107,
12303-12306.

[1_16] ZAHN, D. 2004b. On the Role of Water in Amide Hydrolysis. European
Journal of Organic Chemistry, 2004, 4020-4023.

[1_17] ZAHN, D. 2004a. Car-Parrinello molecular dynamics simulation of base11

catalyzed amide hydrolysis in aqueous solution. Chemical Physics Letters, 383,
134-137.

[1_18] GLOVER, A. J. M. 2011. Characterization of PA-11 Flexible Pipe Liner Aging
in the Laboratory and in Field Environments Throughout the World. Doctor of
Philosophy Dissertation, The College of William and Mary.

[1_19] MEYER, A., JONES, N., LIN, Y. & KRANBUEHL, D. 2002. Characterizing
and Modeling the Hydrolysis of Polyamide-11 in a pH 7 Water Environment.
Macromolecules, 35, 2784-2798.

12

Chapter 2
Modeling and Instrumentation
The hydrolysis of polyamide bonds is a central topic for chapters Chapter 3, 4,
and 5. The hydrolysis model used to characterize the hydrolysis process over time
for polyamide-11 (PA11) is described here. The base catalyzed, acid catalyzed,
and water assisted mechanisms for the amide bond hydrolysis are reviewed
for background and discussions in Chapters 3 - 5. Three in-line size exclusion
chromatography high performace liquid columns are paired with a multiple angle
laser light scattering detector and used to measure the molecular weight of the PA11
material samples characterized in Chapters 3 - 5. Infrared spectroscopy and its use
for polymer characterization is reviewed and introduced for Chapters 5 and 6.

The

thermal characterization techniques of thermo-gravimetric analysis and diﬀerential
scanning calorimetry are introduced and used for analysis in Chapters 3 - 6.
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2.1

AMIDE BOND HYDROLYSIS: MODELING VIA TIME DEPENDENT MASS

AVERAGE MOLECULAR WEIGHT
We characterized the equilibrium molecular weight (Mme), pseudo-hydrolysis
(k’H), and solid state polymerization (kP) rate constants during accelerated
molecular weight degradation by fitting a mathematical model of amide hydrolysis
to the measured Mm per aging time. The model was previously published and is
derived from the condensation-hydrolysis kinetics described on page 15 by
the chemical and kinetic Equation 2-2 and the associated first order ordinary
diﬀerential Equation 2-9 [1-3]. The values k’H and kP, which are used to fit the
changing values of molecular weight with time, reflect the composition of the
aqueous aging environment and its eﬀect on the hydrolysis process.

Using the steady state approximation at equilibrium Equation 2-3, assuming
the concentration of water being constant in Equation 2-8, solving the ordinary
diﬀerential Equation 2-11, making equivalent substitutions Equation 2-12, and
rearranging the result, the hydrolysis degradation model is obtained in terms of
the average number of amide bonds (a) over time, Equation 2-12. The number of
amide bonds is directly proportional to the mass average molecular weight (Mm)
over time, Equation 2-7.

Using Equation 2-7 to convert the measured Mm over time to the number os
amide bons (a), the model, Equation 2-12, is fit to the data using nonlinear least
squares to determine both the Mme and k’H. In turn, using Equation 2-1 and Mme and
14

k’H from the best fit results the re-polymerization rate constant kP is calculated,
where at is the average number of amide bonds at time t. Subscript 0 refers to the
starting value, e refers to the equilibrium value, and t refers to the value per time t.
Equation 2-1:

R'NH2 + RCO2H

kP
kH

R'NHCOR + H2O

Equation 2-2:

-

d(R'NH2) = d(RCO2H) = k [R'NH ][RCO H] - k [R 'NHCOR][H O]
P
2
2
H
2
dt
dt

Equation 2-3:

0 = kP[R'NH2]e[RCO2H]e - k'H[R'NHCOR]e[H2O]e

Equation 2-4:

x = [R'NH2] = [RCO2H]

Equation 2-5:

a = [R'NHCOR] =

Mm
-1
2·M0

Equation 2-6:

x = a0 - a
Equation 2-7:

a=

Mm
-1
2·M0
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Equation 2-8:

k'H = kH · [H2O]

Equation 2-9:

dx
= k'H (a0 - xe) - kP · x2
dt
Equation 2-10:

kP =

Equation 2-11:

k'H t =

k'H (a0 - xe)
x e2

xe
a x + x(a0 - xe)
· ln 0 e
2a0 - xe
a0(xe - x)

Equation 2-12:

at =

2
0

a + a0 ae e
ae + a0 e
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a0 + ae
t k'H
a0 - ae
a0 + ae
t k'H
a0 - ae

2.2
TION

AMIDE BOND HYDROLYSIS: MECHANISM AND ELEMENTARY REACSTEPS

Equation 2-1 shows the essence of amide hydrolysis. To elaborate, three
chemical mechanisms have been identified for amide bond hydrolysis: base
catalyzed[4-8], acid catalyzed[9-12], and water assisted[13, 14]. The activation
energies have been determined to be 21, 31, and 99 kJ⁄mol for the base, acid, and
water mechanisms of amide hydrolysis respectively[15]. And computationally,
Zahn [13] found the activation energies to be 66, 78, and 147 kJ⁄mol. Thus, it
can be understood that given equivalent concentrations of OH- and H+, the base
catalyzed pathway is favored; and the water assisted hydrolysis of an amide bond
is the least favored pathway.

The base catalyzed hydrolysis elementary reaction steps, mechanism Pathway
I and Pathway II are shown in Figure 2-1, page 19. Zahn [4] computationally
studied the mechanism of base catalyzed hydrolysis of the amide bond, and found
that the Pathway II is favored. Zahn [4] found that no proton transfer reaction led
to the simultaneous protonation of the amide nitrogen and deprotonation of the
hydroxyl group. The amide anion is a poorer leaving group than an alkoxide ion,
and in the base catalyzed hydrolysis, the proton transfer to the amide anion is
considered the rate limiting step[16, 17].

The four step acid catalyzed hydrolysis mechanism is shown in Figure 2-2.
The first step is the protonation of the carboxylic oxygen of the amide bond. Zahn
17

[18] found in a computational study that the second step, nucleophilic attack of
a water molecule to the carbon atom of the amide group, is the rate determining
step. The third step is the intermediate de-protonation of the carboxylic oxygen
and protonation of the amide nitrogen, quickly followed by the dissociation of the
protonated amine and the carboxylic acid.

The water assisted hydrolysis mechanism is shown in Figure 2-3. The water
assisted mechanism involves two water molecules that act in a concerted process
and utilize a Grotthuss mechanism of proton hopping. The first step, and rate
determining step, is the nucleophilic attack of the amide carbon and simultaneous
protonation of the amide nitrogen[13].
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Figure 2-1:
Base catalyzed amide hydrolysis elementary mechanism steps, pathway I
and pathway II.
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2.3

SIZE-EXCLUSION-CHROMATOGRAPHY PAIRED WITH MULTIPLE ANGLE

LASER LIGHT SCATTERING
Light scattering is a primary method to measure the molecular weight of a
polymer in solution[19]. The system used for this work has multiple in-line sized
exclusion chromatography HPLC Shodex columns (HFIP-LG, HFIP-805, and HFIP803) with packing beads composed of a polystyrenedivinyl benzene copolymer
paired with a Wyatt miniDAWN light scattering and Wyatt Optilab 803 dynamic
refractive index detector. The size exclusion chromatography columns fractionate
the polymer molecule solution; the refractive index and the light scattering
detectors were used to measure the molecular weight at each fraction, Figure 2-4
and Figure 2-5. The miniDAWN has a laser wavelength of 690 nm and 3 detection
angles of 45˚, 90˚, and 135˚. A measured and literature verified dn⁄dc of 0.235
determined the concentration of the polyamide-11 at each fraction. The solvent
used to dissolve the polymer samples was 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) doped with 0.05 M Potassium Tri-Fluoroacetate (KTFA) salt to remove
nylon agglomerations [24]. The solvent was degassed in the pump reservoir
via constant Helium sparge under atmospheric pressure. The polymer sample
solutions were 2 mg⁄mL and 100 mL aliquots of a sample solution were injected.

The SEC-light scattering Mm measurements in this work have a 6% instrumental
error. The error was determined by the standard deviation divided by the mean for
six consecutive Mm measurements on a single solution of unaged laboratory-made
PA-11.
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Figure 2-4:
Measured molecular weights of polyamide-11 during fractionated elution
volumes using size exclusion chromatography multiple angle laser light scattering.
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Figure 2-5:
The molecular weight distribution of a polyamide-11 sample: the mass
fraction of measured molecular weights of polyamide-11 from a fractionated SEC-MALLS
measurement.
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2.4

INFRARED SPECTROSCOPY

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATRFTIR) was included in several chapters to describe the chemical functional groups
and intermolecular interactions. Spectra were taken from 600 to 4000 cm-1 and
obtained using the IR Tracer-100 Shimadzu FTIR’s MIRacle 10 Single Reflectance
ATR accessory. Figure 2-6 shows ATR-FTIR spectra of pristine graphitic oxide and
PA11, respectively.

The infrared spectrum of light has an appropriate energy to interact with
the bonding vibrations and stretches in organic molecular structures, such as
organic polymers or graphene oxide. Infrared spectroscopy is the measure of
the infrared light’s absorption due to changes in the vibrational energy level of a
bond. The frequency of absorption provides information through peak position,
intensity, width, and shapes towards identifying the type of functional group and its
location[20].

Herein, infrared spectra are reported in absorbance versus wavenumber. The
wavenumber is inverse wavelength, which is directly proportional to the energy
through Planck’s constant. A higher wavenumber is a lower wavelength, higher
frequency, and higher energy, a blue shift. A lower wavenumber is a higher
wavelength, lower frequency, and lower energy, a red shift. At a wavenumber,
or peak position, the absorbance is the energy that is absorbed by the matter
material the infrared light is reflected or transmitted[20].
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Figure 2-6:
Attenuated total reflectance fourier transform infrared spectra of graphitic
oxide and polyamide-11 (PA11).
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2.5

THERMO-GRAVIMETRIC ANALYSIS

Thermo-gravimetric analysis (TGA) is a technique that monitors the mass
change of a material as a function of temperature. A TGA has many applications.
The work herein uses the TGA to determine volatile content versus temperature for
various polymer samples, as well as the thermal stability of graphene oxide and
functionalized graphene oxide.

The instrument used for the experiments presented here was a model Q500
from TA Instruments. The model Q500 features a programmable furnace, a
max temperature of 1000 ˚C, mass changes to the nearest microgram, and a
programmable gas flow sample chamber. Nitrogen gas is constantly purging
the environment so to prevent oxidation eﬀects while heating the sample. If
the polymer samples were to be exposed to oxygen while in the melted state, a
reduction in mass would occur due to oxidation: CO2 and H2O evolution.

TGA sampling of polymer uses slices thinner than 1 mm in a pyrolysis-cleaned
platinum pan. The TGA is done under nitrogen gas. Figure 2-7 shows a typical
PA11 volatile content thermogravimetric analysis.
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Figure 2-7:
Thermogravimetric behavior of a commercial polyamide-11 (PA11). The
water content and plasticizer content are quantified by the mass reduction at 105 ˚C and
240˚C respectively.
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2.6

DIFFERENTIAL SCANNING CALORIMETRY

Like a TGA, the Diﬀerential Scanning Calorimeter (DSC) is a thermal
characterization instrument. A DSC measures the heat absorption diﬀerence
between air and sample material, enthalpy changes as a result of changes
in physical state or chemical reactions in the material. A DSC is capable of
investigating several material and chemical properties. In this dissertation, the
heat of fusion, heat of formation, peak positions, and glass transition temperature
are used to characterize the polymers and polymer nanocomposites. The DSC
2920 Modulated, made by TA Instruments with a maximum temperature of 350 ˚C
was used to measure enthalpy for polymer and polymer nanocomposite samples.

A sample mass of 5-10 mg was used and measured to within ± 0.1 mg on
an analytical balance. The sample material was loaded into a TA Instruments
aluminium hermetic DSC pan. The filled pan was then covered with a matching
hermetic lid and the set was crimped together using a DSC pan press provided by
TA instruments.

Experimental error is in the accuracy and precision of the sample mass and
the contact between the DSC sensor and the sample pan.

A DSC works by applying heat to a sample containing pan and an empty
pan. The result is a plot of enthalpy versus temperature. For a semi-crystalline
polymer, the DSC records the energy transfer under a characteristic melting peak
that is proportional to the total crystalline content within the polymer, Figure 2-8.
27

The area of the peak in J⁄g is used to determine the total crystalline content. The
enthalpy of fusion, ∆Hfus, is the heat required to melt the crystalline regions of the
polymer. A lower total ∆Hfus indicates less total crystallinity of the polymer. The
melting temperature is a measure of the thermal stability of the crystalline regions
within the polymer.

In the case of PA11 a typical well-formed crystalline peak can be observed at
189.0 ˚C, and a pre-peak related to poorly formed crystalline blocks is seen to
melt at 184.5 ˚C.

After the first heating ramp on the DSC, the polymer sample is melted and
its thermal history has been erased. With controlled cooling the heat of recrystallization (∆Hc) can be characterized.

After controlled cooling, a second heating ramp can be used to compare
polymer crystalline behavior after removing environmental eﬀects. This second
heating ramp can be used to probe the eﬀect of molecular weight on the
crystallization or the eﬀect of nano-particle inclusion on the crystallization.

By using a rapid ramp, such as 30 ˚C⁄min, the glass transition temperature (Tg)
can be observed, Figure 2-9. The Tg was used for characterizing polyimide and
GO-polyimide nanocomposites in chapter.
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Figure 2-8:
DSC measured heat flow behavior of semi-crystalline PA11: a heat⁄cool⁄
heat procedure. The melting of the crystalline regions, heat of fusion ∆Hfus, is observed in
the heating ramps and the crystalline formation, heat of crystallization ∆Hc, is measured in
the cooling ramp.
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Figure 2-9:
The glass transition temperature, Tg, for polyimide was measured on the
DSC using a rapid heating ramp of 30 ˚C⁄min.
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Chapter 3
Polyamide hydrolysis accelerated
by small weak organic acids
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3.1

INTRODUCTION

It is well known that acidity, pH, of a solution accelerates the hydrolysis
of soluble amides. The unexpected result that weak small organic acid at low
concentrations hydrolyze a polyamide at rates approximately twice that of a
water HCl solution of the same pH is described herein. The eﬀect of three small
organic acids in dilute solutions, acetic, propanoic, and butanoic was studied. It
is observed that the eﬀect on the hydrolysis rate increases as the organic acid
gets weaker. Butanoic, the weakest acid, has the strongest eﬀect on increasing
the hydrolysis rate. Measurements on the concentration of these acids in the
polyamide reveal that there is a selective desire for these weak organic acids to
diﬀuse into a polyamide. The concentration of these acids in the polyamide is
found to be several multiples of the concentration in the water environment. The
acid concentration is highest for butanoic.

This result is important not only because it diﬀers from the widely expected
dependence on pH but because polyamides (nylons) are frequently used in
everyday life and are the preferred polymer in critical applications involving
hydrocarbons. Polyamide-11, because of the lower number of amide bonds for a
given chain length, is widely used throughout the world as a pressure sheath in
flexible pipes to transport crude oil from the ocean floor to platforms. It is also
used as a liner in steel pipes for crude transport over land. When polyamide-11
(PA11) is used as the barrier in pipes for transporting crude, which is a mixture
of hydrocarbons and water, over time hydrolytic degradation of PA11 occurs.
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This can result in low molecular weights where PA11 looses its ductility and
becomes brittle. This is the so called ductile-brittle transition [1,2]. Knowing that
the molecular weight at a given time is above the ductile-brittle transition onset
molecular weight is the primary factor for continued safe use. Understanding the
factors governing amide hydrolysis kinetics is therefor not only of fundamental
scientific interest but essential in understanding polyamide’s useful life.

The kinetics of polyamide degradation in water has been extensively studied
[3-13]. The existence of an equilibrium molecular weight, which occurs when
the rates of hydrolysis and repolymerization become equal, was established for
varied temperatures and initial molecular weights [3-5]. Studies have examined the
hydrolytic degradation of both neat and plasticized PA-11 in environments of water
[3-11], salt water [10], oilfield water [6], crude oil [6,10], and in acidic [5,12,13]
conditions.

Meyer, Jones [3] and Jacques, Werth [4] have both shown that in the absence
of oxygen, PA11 reaches an equilibrium molecular weight when aged in deionized
water. Acidic conditions have been shown to accelerate amide hydrolysis
[5,6,11,12,14]. The chemical eﬀects that acids have on polyamide hydrolysis are
amine scavenging and acid catalysis [5,15-19]. Merdas, Thominette [5] showed
that the average equilibrium molecular weight (Mme) of aged PA11 is lowered in
carbonic acid, pH 4, by approximately 1 kDa at 130 ˚C and 3 kDa at 160 ˚C
due to CO2 solubility in the polymer. They also propose a model to predict the
equilibrium molecular weight for PA11 aged in an acidic aqueous environment.
36

Their model requires the acid concentration within the PA11 matrix to be known.
Merdas et al. suggest that for weak acids there is no catalytic eﬀect and that
weak acids could eﬀect PA11 hydrolysis by shifting the equilibrium towards lower
values of Mme [5]. Chaupart, Serpe [13] reported a strong pH acid eﬀect on PA11
hydrolysis at low pH’s of 4, 2, and 0. But the presence of oxygen was uncontrolled
and an equilibrium was not observed. The absence of an equilibrium is now the
expected result when oxidation and hydrolysis are both degrading the polyamide
chain. Naphthenic carboxylic acids in crude oil are also known to accelerate the
degradation process beyond the aging in pH 7 water. Naphthenic acids have been
shown to degrade polyamides primarily on the surface [20].

Recently, Romao, Castro [6] aged PA11 in oilfield water, with a pH of 5.5. They
report a very large equilibrium molecular weight decrease (10 kDa) compared with
deionized water. Such a significant decrease of the equilibrium molecular weight
remains unexplained by the oilfield water pH of 5.5. Here it is proposed that this
result is related to other molecular species in the oilfield water, particularly small
hydrocarbon acids such as acetic acid, which is found in many oilfields.

The work herein reveals the importance of understanding the molecular
species present during hydrolytic degradation conditions. It is reported that a
significant increase in the rate of degradation was caused by small organic acids
and the molecular basis for the unexpected large eﬀect of weak organic small
acids, acetic, propanoic, and butanoic is discussed.
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Here it is shown that the smaller and much weaker organic acids significantly
accelerate degradation process even more than HCl water at similar pH conditions.
This eﬀect occurs at the very low concentrations of small organic acids often
found in crude oil reservoirs. Characterization of this surprising eﬀect of weak,
small organic acids on the rate of degradation is one objective of this work.
Determining the eﬀect of the organic acid’s structure and concentration is another.
Most important is development of a fundamental understanding of why the rate of
degradation is uncorrelated with the small organic acids acidity and is so strong
given the very low acidity of small organic acids. This report focuses on the
eﬀect of three low molecular weight organic weak acids (acetic, propanoic, and
butanoic) on accelerating the aging of PA11 at 100 ˚C and 120 ˚C, at a constant
molarity.
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3.2

EXPERIMENTAL

3.2.1 Making PA11 coupons
PA11 was made in our laboratory by heating the monomer,
11-aminoundecanoic acid, purchased from Sigma-Aldrich, at 240 ˚C for 3 hours.
The polymer material was then pressed into the form of a film, 15×7×0.25 cm3. The
film was punched into 1 cm diameter coupons for aging.

Commercially polymerized PA11 Besno P40TL made by Arkema was supplied
by National Oilwell VARCO of Denmark. The commercial PA11 has n-butyl
benzene sulfonamide (BBSA) at 12 wt% to function as a plasticizer. The function
of the plasticizer is to disrupt hydrogen bonding in the amorphous region of the
polymer matrix [21]. Coupons having a cylindrical shape with 1 cm diameter and 1
cm thickness were punched from this extruded commercial PA11.

3.2.2 Aging conditions
The coupons were immersed in deionized water and controlled acidic solutions
over a period of months at controlled constant temperatures of 100 ˚C and
120 ˚C to accelerate aging. Ace #40 high pressure rated glass tubes with teflon
plugs were used as the containment vessels. Dissolved oxygen was removed,
to avoid oxidation eﬀects, by sparging the aging solution with argon in the
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containment vessel to keep the oxygen level below 50 ppb.

One set of aging solutions was made using three small weak organic acids:
acetic, propanoic, and butanoic. Each acid was mixed with deionized water at
a concentration of 1.05 ×10-2 M. Deionized water was the control aging solution.
Previous work has characterized the molecular weight degradation behavior of
PA11 aged in deionized water for a range of temperatures [3,5-11]. Laboratory
made PA11 coupons were aged in these 1.05 ×10-2 M small organic acid solutions
at 100 ˚C and 120 ˚C.

A second set of aging solutions was made to create a range of pH values
and conditions to explore the eﬀect of H+ ions at pH conditions similar to that
of the three weak organic acids. A hydrochloric acid solution with a pH of 2.9
was prepared by diluting HCl into deionized water. Acetic acid was diluted into
deionized water to 6.29 ×10-2 M and a pH of 2.9. A carbonic acid solution, having
a pH of 4.2, was prepared by bubbling deionized water with carbon dioxide
for 15 min at a flow rate of 400 mL⁄min. Finally, a buﬀer solution was used
to control the ratio of protonated and deprotonated acetic acid during aging.
Since a buﬀered solution has a known pH, this ratio is easily calculated using
the Henderson-Hasselbach relationship, Equation 3-1 [22,23]. In the buﬀered
system, significantly more acetic acid exists in the de-protonated form, compared
to a normal system. Sørensen’s phosphate buﬀer was used, which consists of
monobasic and dibasic sodium hydrogen phosphate. The buﬀer was prepared
at a 0.3 M concentration and used to create an acetic acid 6.29 ×10-2 M solution
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with a buﬀered pH of 6.2. The punched commercial extruded PA11 coupons were
immersed in the environments at 100 ˚C.

Equation 3-1:

pH = pKa + log [A-]
[AH]

3.2.3 Measuring mass average molecular weight, M , and
m

crystalline content
Details are on page 20 regarding the measurement of mass average
molecular weight, Mm. The SEC-light scattering Mm measurements in this work
have a 6 % instrumental error. The error was determined by the standard deviation
divided by the mean for six consecutive Mm measurements on a single solution of
unaged laboratory-made PA11.

The crystalline content of PA11 was measured using a TA Instruments Q20
diﬀerential scanning calorimeter (DSC). The ramp rate was 3 ˚C⁄min and the
integration limits were 150 ˚C to 200 ˚C.

3.2.4 Mathematical modeling and characterization of
polyamide accelerated aging
We characterized the equilibrium molecular weight (Mme), pseudo-hydrolysis
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(k’H), and solid state polymerization (kP) rate constants during accelerated
molecular weight degradation by fitting a mathematical model of amide hydrolysis
to the measured Mm per aging time. The values k’H and kP, which are used to fit
the changing values of molecular weight with time, reflect the composition of the
aqueous aging environment and its eﬀect on the hydrolysis process: details on
page 14.

3.2.5 Acid absorption characterization
Three grams of PA11 beads, supplied by Sigma-Aldrich, were placed in
the small organic acid solution and weighed each day for a period of 10 days
at 100 ˚C with oxygen removed. These small organic acid solutions ranged in
concentration from 1 to 8.75 molarity in deionized water.

In a preliminary experiment we had found that the PA11 beads reach a
constant volatile content by day 5 at 100 ˚C and retained that value for 35 days.
Therefore after 10 days the beads were removed from 100 ˚C temperature aging
environment. Using a Kimwipe tissue, the surfaces were patted dry before final
massing of the bead group. Three of these beads were used for thermogravimetric
analysis. The remaining beads were placed in a dry round bottom flask. The
beads were heated to 220 ˚C in the round bottom flask and the vapor from the
heated beads was condensed and collected, the distillate. The composition of the
distillate was quantified using gas chromatography. The area of the acid peak was
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calibrated to moles. Using the calibration of area to moles and the volume injected,
the acid molarity of the distillate was determined from the gas chromatograph
results.
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3.3

RESULTS AND DISCUSSION

Figure 3-1 and Figure 3-2 show that the degradation process leads to an
equilibrium mass average molecular weight (Mme), when aging PA11 anaerobically
in 1.05 × 10-2 M solutions of these weak organic acids. The equilibrium is
achieved when the rate of chain scission equals the rate of recombination as
shown in Equation 2-1 on page 15. The equilibriums observed for the pH 7
water condition at both 100 ˚C and 120 ˚C agree with previously published
results. In water, Meyer, Jones [3] report Mme in the range of 23.5 and 32.5 kDa
at temperatures of 135, 120, 105, and 90 ˚C and Jacques, Werth [4] report an
equilibrium Mm of 26 kDa at 80 ˚C [3,4]. Figure 3-1 and Figure 3-2 also show
that the rate of degradation is somewhat faster in the presence of all three acids
than in water. The figures also show that the rate of hydrolysis and the equilibrium
molecular weight are both a function of the acid hydrocarbon chain length.
Butanoic acid, the weakest of these three acids, has the strongest degradative
eﬀect.
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Figure 3-1:
A plot of the Light Scattering measured Mm over time for PA-11 aged at
100 ˚C in small organic acid solutions.
water data;
water fit.
acetic data;
acetic fit.
propanoic data;
propanoic fit.
butanoic data;
butanoic fit.
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Figure 3-2:
A plot of the Light Scattering measured Mm over time for PA-11 aged at
120 ˚C in small organic acid solutions.
water data;
water fit.
acetic data;
acetic fit.
propanoic data;
propanoic fit.
butanoic data;
butanoic fit.

46

Table 3-1:
Rate constants and equilibrium molecular weight for laboratory made
PA11 aged in 1.05 ×10-2 M aqueous weak organic acid conditions; determined using the
measured Mm over time and a non-linear least squares fit of the hydrolysis kinetic model
Equation 2-12.

Solution

k’H ×10-1

kP ×10-4

kDa, Mme

Water
Acetic
Propanoic
Butanoic

0.43
0.45
0.46
0.50

1.68
1.57
1.28
1.05

24.4
22.9
20.4
17.5

Water
Acetic
Propanoic
Butanoic

1.64
1.84
1.99
2.32

7.88
4.71
4.04
3.66

26.9
20.0
17.0
14.5

100 ˚C

120 ˚C

The previously described hydrolysis model was used to fit to the changing
mass average molecular weight, Mm, versus time, shown in Figure 3-1 and
Figure 3-2 [3,4,25]. The hydrolysis model’s parameters include the equilibrium
molecular weight (Mme), pseudo-hydrolysis (k’H) rate constant, and polymerization
(kP) rate constant. The results are reported in Table 3-1. Additionally we
investigated the most aged,140 days at 120 ˚C, laboratory made PA11 samples
for their changing chemical structure using diﬀerential scanning calorimetry (DSC).
The unaged PA11 integrated melting peak area is 48.4 (J⁄g), while the water, acetic,
propanoic, and butanoic aged samples were 100.9, 99.7, 97.6, and 99.2 (J⁄g)
respectively. The result shows that during accelerated aging at 120 ˚C there is
significant annealing. The increase in crystallinity in the neat PA11 is similar for
the aging in water and in the organic acid environments at 120 ˚C.

Table 3-1 shows that the k’H increases and kP decreases with the increasing
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alkyl chain length of these small organic acids: acetic, propanoic, and butanoic.
The model parameter k’H is determined by the initial decrease in Mm with time.
This result is the opposite of the expected eﬀect based on the acid strength of
these three acids. Acetic is the strongest acid of the group with a pKa = 4.75, and
butanoic is the weakest acid with a pKa = 4.81. The value kP is determined by
the equilibrium concentration of unreacted amine groups and k’H as seen in the
model’s Equation 2-4 and Equation 2-10.
Table 3-2:
Weight gain and acid concentration in neat PA11 aged at 100 ˚C in 1 M
acid solutions, measured using gas chromatography, weight gain, and thermogravimetric
analysis (TGA).

1 M acid Solution
Acetic
Propanoic
Butanoic

M
Concentration of
acid in distillate
1.7
3.9
6.5
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% Mass change measured by
Gravimetry
3.4
5.5
14.4

TGA
4.0
6.9
12.4

Table 3-3:
The molarity of the aging acid solution versus the acid molarity of the
distillate. The table reports the concentration of the acid within the PA11 matrix after 10
days at 100 ˚C, and the moles of acid and water respectively within the 2 mL injection
aliquot of the distillate based on the GC results and the calibration of peak area to moles.

Acid molarity of
Aging solution

Moles in distillate of
Distillate

Acid ×10-5

Water ×10-5

1.0
2.2
4.4
8.7

1.9 ± 0.2
5.6 ± 0.5
8.7 ± 1.0
10.0 ± 2

0.38 ± 0.04
1.1 ± 0.1
2.0 ± 0.3
2.0 ± 0.4

10 ± 0.8
7.9 ± 0.9
3.1 ± 1.7
5.8 ± 0.5

1.0
2.2
3.4
4.4
6.7
8.7

3.9 ± 0.0
6.6 ± 0.6
8.0 ± 1.3
7.9 ± 0.1
8.5 ± 0.6
8.3 ± 0.7

0.79 ± 0.00
1.3 ± 0.1
1.6 ± 0.3
1.6 ± 0.0
1.7 ± 0.1
1.7 ± 0.1

6.1 ± 0.1
3.6 ± 0.4
7.5 ± 1.2
3.3 ± 0.3
3.5 ± 0.4
2.4 ± 0.5

1.0
2.2
2.7
4.4
5.4
8.7

6.5 ± 0.1
4.9 ± 0.3
4.8 ± 0.3
8.2 ± 0.5
7.6 ± 1.8
6.5 ± 0.6

1.3 ± 0.0
0.98 ± 0.06
0.95 ± 0.05
1.6 ± 0.1
1.5 ± 0.4
1.3 ± 0.1

4.7 ± 0.1
1.8 ± 0.4
5.3 ± 1.4
3.9 ± 0.0
2.9 ± 0.9
2.1 ± 0.2

Acetic

Propanoic

Butanoic

49

%, Mass gain
Acetic

Propanoic

Butanoic

40

20

2

4

6

8

2

4

6

8

2

4

6

8

M, Acid concentration
Figure 3-3:
PA11 weight gain at 100 ˚C in a small organic acid. ( ) Total mass
percent gain measured using gravimetry versus acid concentrations. The percent content
of ( ) acid and ( ) water measured in the distillate with gas chromatography.
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To help explain this result, acid absorption measurements as described in
section 3.2.5 were conducted. The experimentally determined increase in mass of
PA11 due to ingress of water and acid molecules when immersed in 1 M solutions
of each acid at 100 ˚C for 10 days is shown in Table 3-2. The mass gain became
constant after 3 days and remained constant for 10 days. On the tenth day, the
concentration of the acid in the PA11 beads was determined from the distillate
collected from the retrieved PA11 as described in the experimental section. The
results are shown in Table 3-2. The results show that an increase in both the mass
gain and the concentration of the acid in the PA11 increases with the length of the
alkyl chain in going from acetic, to propanoic, to butanoic.

Particularly important, Table 3-2 shows that after aging PA11 in each 1 M acid
solution the acid concentration in the polyamide is higher inside the PA11 matrix
than in the initial aging solutions. The molar acid concentration of the distillate,
Table 3-2, shows increases for each acid: acetic, propanoic, and butanoic. The
largest increase above the concentration of the aging solution occurs for butanoic
acid.

In summary these small, weak organic weak acids are preferentially absorbed
into the solid polyamide from the aging environment according to their molecular
structure. As shown in Figure 3-1 and Figure 3-2 they degrade the polyamide
faster and to a lower equilibrium molecular weight as the alkyl chain length
increases. Further as shown in Figure 3-1 and Figure 3-2 the degradation process
is somewhat faster for the 1.05 ×10-2 M weak organic acids with a pH near 3.3
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than in water. The aﬃnity of these acids to diﬀuse in to the solid polyamide lowers
the pH within the polymer and thereby inhibits the repolymerization of broken
amide bonds most likely by protonating the free amine end, amine scavenging
[5,20].

Figure 3-3 and Table 3-3 add further insight into the reasons why these small
organic acids have such a large unexpected eﬀect on the degradation process. In
Figure 3-3 the PA11 weight gain is shown after 10 days when immersed in acetic,
propanoic, and butanoic acid solutions of varying molarity from 1.0 M to 8.7 M.
Figure 3-3 shows the increase in the mass percent of the acid and the mass per
cent of the water as the molar concentration of the aging environment increases.
Again, butanoic acid, the weakest acid shows the largest increases at each
molarity of the aging solution.

Table 3-3 shows that the acid molarity and the ratio of the acid to water
molecules that have diﬀused in to the solid PA11 is a function of the molarity of
the aging environment. When exposed to the 1 M acid environment, the molarity in
the solid PA11 versus in the aging solution is 1.9 times higher for acetic acid, 3.9
times higher for propanoic, and 6.5 times higher for butanoic acid. As the molarity
of the environment increases these values increase, but the relative concentration
increase in the polymer decreases indicating an approach to saturation.

The important conclusion is that the longer the alkyl chain, the higher the
concentration of these small organic acids in the PA11. Most important for
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all three acids, these acids prefer to be in the PA11 more than in the water
environment.

Finally the aﬃnity of the acetic acid to diﬀuse into PA11 as an undissociated
protonated weak acid versus the aﬃnity of the dissociated proton and acetate
ion is explored along with the aﬃnity of the hydronium ion to eﬀect hydrolytic
degradation at similar pH, acid concentrations. As described in the experimental
section, commercially extruded Besno P40TL PA11 was aged in five environments
at 100 ˚C: pH = 7 water; 6.29 ×10-2 M acetic acid, with pH = 2.98; 6.29 ×10-2 M
acetic acid buﬀered to a pH of 6.2; water saturated with CO2, with a pH of 4.2;
and HCl water with a pH of 2.9.
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Figure 3-4:
Commercial plasticized PA-11 aged at 100 ˚C in various aqueous acid
conditions. Mm data was measured using SEC-MALLS.
pH=7 water data;
water fit.
pH=6.2 buﬀered acetic acid at 6.29 ×10-2 M data;
buﬀered acetic acid fit.
pH=4.2 CO2 data;
CO2 fit.
pH=2.9 HCl data;
HCl fit.
pH=2.98 acetic acid at 6.29 ×10-2 M data;
acetic acid at 6.29 ×10-2 M fit.

54

Table 3-4:
Rate constants and equilibrium molecular weight for commercial
Besno P40TLOS PA11 aged in various aqueous acid conditions; determined using the
measured Mm over time and a non-linear least squares fit of the hydrolysis kinetic model
Equation 2-12.

Solution
100 ˚C
Water
Buﬀered acetic
CO2
HCl
Acetic

pH

k’H ×10-2

kP ×10-5

kDa, Mme

7.0
6.2
4.2
2.9
2.9

1.38
1.59
1.59
1.76
3.71

1.95
1.44
1.23
1.39
1.98

38.5
29.5
26.5
27.0
20.5

Figure 3-4 displays the aging results. Table 3-4 reports the values of the
equilibrium molecular weight, psuedo-hydrolysis k’H rate constant and the chain
recombination kP rate constant. When aging in water at 100 ˚C, a diﬀerence
is seen between the laboratory made and the commercially extruded Besno
P40TL PA11 resulting equilibrium molecular weights, 24.4 kDa and 38.5 kDa
respectively. The higher equilibrium molecular weight is an eﬀect of the BBSA
plasticizer presence during the aging process, partially explained by its ability to
disrupt hydrogen bonding in the amorphous phase of the PA11 [21]. Jacques et
al. report an equilibrium number average molecular weight (Mne) of 19.3 for Besno
P40TL PA11 when aged in water at 100 ˚C. A Mne of 19.3 is a Mme of 38.6 and is in
agreement with our measurements, knowing the polydispersity index for PA11 is
two [4,26]. Domingos et al. aged BBSA containing Besno P40TL PA11 at 110 ˚C
in water for 50 days and report a corrected inherent viscosity (CIV) of 1.19 (dL⁄g)
that coverts to a Mm of 38 kDa using our Mark-Houwink relationship [9].
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Table 3-5:

Hansen solubility parameters [27].

Solvent
Water
Acetic
Propionic
Butanoic
m-Cresol
HFIP
PA11

Dispersion
15.5
14.5
14.7
14.9
18.0
17.2
17.0

Polarity
16.0
8.0
5.3
4.1
5.1
4.5
4.4

H-bonding
42.3
13.5
12.4
10.6
12.9
14.7
10.6

Molecular
Volume
18.0
57.5
75.0
110.0
104.7
105.3

Meyer, Jones [3] show that when aging neat PA11 at 105 ˚C in water the Mme
is around 25 kDa [3]. Jacques, Werth [4] corroborate Meyer’s results, reporting a
Mme of 26.5 kDa when aging additive free PA11 at 80 ˚C in water for 200 days [4].

It is clear from Figure 3-4 and Table 3-4 that the unbuﬀered 6.29 ×10-2 M
acetic acid environment with a pH of 2.98 is the most degradative and has the
largest eﬀect on the hydrolysis rate constant. The acetic acid in a primarily
ionized acetate state has little eﬀect on the rate of degradation indicating it is in
its undissociated state that it is soluble in the PA11. The HCl environment with
a similar pH acidity has a much weaker eﬀect on hydrolytic degradation in the
solid PA11 than does the weak acetic acid. The accelerated chain scissions in
Figure 3-4 and Table 3-4 are shown to be the direct result of higher acetic acid
concentration within the polyamide matrix. Acid catalysis of the PA11’s amide
bond is not changed very much by the pH of the water environment as shown
by the CO2 pH =4.2 and the HCl pH =2.9 water environments. Large increases in
degradation occur because of the high concentration of the butanoic acid versus
propanoic versus acetic acid within the PA11.
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In summary, the high concentrations of small organic acids also lead to
a decrease in kP and a lower equilibrium molecular weight Mme. Increased
concentrations of these carboxylic acid groups in the polyamide matrix lead to
end-capping. The small organic acid is proposed to bond with the amide endgroup on a polyamide chain inhibiting recombination with a carboxylic end-group
of another chain. This suppresses the re-polymerization and lowers the equilibrium
molecular weight Mme.

These molecular weight degradation results and the concentration of the small
organic acids in PA11 can be understood by the similarity of polyamides and
these acids structures, a hydrocarbon chain terminated with a carboxylic acid
group. This is reflected in their solubility parameters, Table 3-5. Herein the most
similar solubility parameter to polyamide is butanoic, then propanoic, and then
acetic. The least similar solubility parameter is water.

Finally, the results in Table 3-4 show that in the absence of unusual solubility
eﬀects, the concentration of H+ ions in a water environment, pH of the water
environment, is correlated with only modest increases in the hydrolysis rate and
a modest reduction in the equilibrium molecular weight in the pH range of 3
to 7. This eﬀect of the presence of small organic acids is uncorrelated and not
predicted based on the pH of the aging environment.

3.4

CONCLUSION

Small organic acids such as acetic, propanoic, and butanoic in water
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significantly accelerate the rate of degradation due to hydrolysis and reduce the
recombination rate. Thereby small organic acids produce a large reduction in the
equilibrium molecular weight. Butanoic acid, the weakest of these acids, has the
largest eﬀect on the rate of hydrolysis and the largest eﬀect on the reduction in
the equilibrium molecular weight.

Small organic acids have a much larger eﬀect than an HCl water environment
at the same pH on the rate and extent of degradation. The fundamental molecular
basis for this previously unexpected and unreported result is the similarity in
structure to the polyamide and the solubility for these acids in their undissociated
state to diﬀuse into the solid polyamide, creating acid concentrations many times
that in the aging water-acid environment.
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Chapter 4
The Ductile-Brittle Transition of
Polyamide-11 as Determined by
Molecular Weight and Crystallinity
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4.1

INTRODUCTION

At the molecular level, chain entanglements are the key factor in determining
the ductile-brittle behavior of a polymer. For an amorphous linear chain polymer,
a critical entanglement molecular weight (MC) can be characterized[1-4]. The
knowledge of how the molecular weight influences polymer embrittlement has
been extended to linear chain semi-crystalline polymers, but the relationships
between the crystalline domains, chain entanglement, and molecular weight are
complex. Predictions based on molecular weight alone are imprecise[5-13].
Recently the distance between lamellar crystalline regions during oxidative
degradation has been proposed to monitor the onset of brittleness in polyethylene
and polyamide-11[8, 9]. Chain entanglement in the amorphous region is the key
to ductility and is determined by the size of the amorphous region between the
crystalline lamellae. In an eﬀort to understand the correlated eﬀects of Mm and
crystallinity on ductility the significant challenge of making PA11 of the same Mm
but diﬀerent crystallinity was overcome by using small organic acids. By aging
at diﬀerent rates, the two inter-related eﬀects of Mm and percent crystallinity on
PA11’s ductility were de-coupled.

The acquired knowledge in this study describes the relationship of the length
of polymer chains and the percent crystallinity and provides a far more accurate
means to detect the onset of the ductile-brittle transition.

Oﬀshore grade commercial PA11 has three inter-related properties
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aﬀecting its operational lifetime as an inner pressure sheath: the additives,
crystallinity, and molecular weight. The additive in oﬀshore grade PA11 is N-nbutylbenzenesulfonamide (BBSA) and the purpose of BBSA is to disrupt hydrogen
bonding and thereby decrease the crystallinity of PA11. This makes PA11 more
ductile and easier to extrude. Research has shown that hydrolytic aging results
in an equilibrium molecular weight[14, 15], and that BBSA has the added benefit
of a higher equilibrium molecular weight[13, 16]. Romao, Castro [17], Domingos,
Pereira [18] showed that the additive, BBSA, results in a higher equilibrium Mm
during accelerated water aging.

The 2003 API technical report 17ATR2[19] recommended a method for
predicting and avoiding failure of the PA11 liner by monitoring the molecular
weight through the inherent viscosity corrected for concentration of additives (CIV)
in oﬀshore commercial PA11 P40TLO grade. A CIV of 1.05 dL⁄cm3 was considered
the onset of possible failure in the API technical report 17ATR2 based on field
experience. A CIV value of 1.20 was proposed as the time when careful Mm
monitoring is needed.

For the past 15 years, molecular weight of PA11 has since been monitored to
predict the transition from ductility to brittleness. Given the importance that Mm
degradation has on the performance properties of PA11, the eﬀect of environment
and resulting kinetics have been extensively studied[14-16, 18, 20-23]. The
correlated eﬀects that the 3 components of oﬀshore PA11 have on the mechanical
performance of PA11 (the BBSA plasticizer, crystalline regions, and the Mm) have
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been recently recognized and empirically studied by Mazan, Jorgensen [5, 6,
24]. Most notable is the recent investigation by Okamba-Diogo, Richaud [8] of
crystallinity, morphology and molecular weight of PA11 during embrittlement.

Okamba-Diogo, Richaud [8] explored the relationship between the crystallinity
and molecular weight for PA11 and the related embrittlement or decreasing
ultimate strain. They used oxidation to degrade the molecular weight of PA11
at 110 ˚C, and used stabilizers to alter the rate of Mm degradation. Thereby they
decouple the crystallinity and molecular weight eﬀects. They observed the
transition from relative ductility to brittleness in oxidized PA11, and ultimately
embrittlement of PA11. Oxidation of stabilized PA11 took 67 days at 110 ˚C to
reach embrittlement in air, four times the time it took for the un-stabilized PA11 to
encounter the ductile-brittle transition. They report that the time to embrittlement
correlated with the time to decreasing average molecular weight for both stabilized
and unstabilized PA11.

This work of Okamba-Diogo, Richaud [8] represents the state of the art for
understanding the oxidation mechanism for embrittlement in PA11. It is interesting
to note in their work, PA11 is deduced to have a critical number average molecular
weight of 10 kDa and a proportionality of 5 to the entanglement molecular
weight, estimated to be 2 kDa. This correlates to a well established relationship
to embrittlement in glassy polymers[2]. In their paper, PA11 showed a critical
interlamellar distance of 6.5 nm at the onset of brittleness, which was similar to
previous findings for polyethylene, polyoxymethylene and polypropylene[7, 9, 11].
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This brittleness inflection point of the interlamellar distance was established via
small angle x-ray scattering. This semicrystalline critical interlamellar distance
at the ductile-brittle transition for PA11 was similar to previous findings in these
semicrystalline carbon chain polymers. This correlation to semicrystalline
polymers suggests that PA11’s critical molecular weight (MC) ratio to molecular
weight of chain entanglements (Me) might be as high as 50 as observed in these
carbon backbone polymers. Since the deduced ratio was 5, instead PA11 is
not well described by the MC⁄Me ratio of 50 for semicrystalline polymers. Thus
the question of the universality of lamellar distance and the MC⁄Me ratio remains.
Okamba-Diogo, Richaud [8] conclude that the amorphous region thickness, in
the PA11, is a crucial parameter for determining whether the PA11 is brittle or
ductile. This important finding gives insight into the mechanism resulting in PA11’s
embrittlement.

Small organic acid hydrolysis aging of PA11 accelerates the Mm degradation at
3 to 4 times the rate of water hydrolysis degradation[16]. By acid accelerating the
hydrolysis reaction of PA11 at elevated temperature, less time elasped and thermal
annealing was avoided as PA11 acheived a lower Mm and with lower crystallinity
content. This work used a commercial PA11 and accelerated the Mm degradation
such that thermal annealing was preempted compared to the slower aging in pH 7
water. Low molecular weights were achieved with low crystallinity and unexpected
high ultimate strain. By accelerating the Mm degradation, the challenge of making
semi-crystalline PA11 of the same Mm but diﬀerent crystallinity was overcome. The
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crystalline content and molecular weight of a semicrystalline polymer are known to
influence the polymer performance properties[25]. The research herein examines
the relationship of the crystalline content and the mass average molecular weight
to the onset of the ductile-brittle transition and predicting embrittlement of PA11.

4.2

EXPERIMENTAL

Two samples of commercial oﬀshore grade PA11, extruded P40TLO, were
used in this study: P1 and P2. P1 was an oﬀshore grade PA11 containing BBSA
plasticizer at 12% by weight, a starting mass average molecular weight (Mm) of 100
± 10 kDa, a crystallinity content of 31 J⁄g, or 16 % where the 100 % Hfus for PA11
is 189 J⁄g[26], and an ultimate strain of 500 ±50 %. P2, also P40TLO, had 12 wt%
N - n - Butylbenzenesulfonamide, a starting Mm of 80 ±5 kDa, a crystallinity of 35
J⁄g

or 19%, and an ultimate strain of 370 ±30 %. P1 was the thicker sample, 2 ±0.5

mm compared to sample P2, 0.3 ±0.02 mm.

Both P1 and P2 were formed into dogbone tensile test specimens and
mechanical tests were performed on a MTS at a rate of 6.35 mm⁄min.

The PA11 dogbones were immersed in deionized water, acetic, or butanoic
acid solution at 6.3 ×10-2 M and aged at 120 ˚C over a period of 4, 2, and 0.5
months respectively to accelerate aging and Mm degradation. Ace #40 high
pressure rated glass tubes with Teflon plugs were used as containment vessels.
Before sealing the pressure tube, oxygen was removed by sparging the aqueous
solution with argon in-situ to achieve a concentration below 50 ppm.
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A TA Instruments Q20 Diﬀerential Scanning Calorimeter (DSC) was used to
measure the crystalline content of PA11. The ramp rate of 3 ˚C⁄min was used to
heat the samples under nitrogen from 40 to 220 ˚C with peak integration limits of
140 to 200 ˚C.

To measure mass average molecular weight, Mm, a system of multiple in-line
size exclusion chromatography (SEC) columns (Shodex HFIP-LG, HFIP-805, and
HFIP-803) with a Wyatt miniDAWN multi-angle laser light scattering (MALLS)
detector and a Wyatt Optilab 803 dynamic refractive index detector was used. The
details of these measurements can be found elsewhere[16] and on page 14.
The measured Mm values have a 6 % error margin as determined by the standard
deviation divided by the mean for six consecutive Mm measurements on a single
solution of PA11.
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4.3

RESULTS AND DISCUSSION

Figure 4-1 shows that low molecular weight acids significantly accelerate the
hydrolysis aging of PA11[16]. This was used to achieve lower molecular weights
faster than deionized water aging at the given temperature. By utilizing this rapid
acetic and butanoic hydrolysis and decrease in the molecular weight, the PA11
samples at 120 ˚C reach the same Mm as the water aged PA11 in ½ and ¼ the
time, Figure 4-1. In 9 days the butanoic acid accelerated hydrolysis brought
PA11 from 100 kDa to 36 kDa, a rate of 7 kDa⁄day, compared with the 40 days
required for water hydrolysis to reach the equilibrium Mm of 36 kDa at 120 ˚C,
1.6 kDa⁄day. A kinetic increase in crystallinity due to the formation of the degraded
short chains for water aged samples and the acid aged chains is observed as the
chains approach the equilibrium Mm. Ultimate strain, the macroscopic mechanical
property of interest, decreases with the Mm over time and they increase in
crystallinity. For water aged PA11 at Mme the decrease in ductility occurs because
annealing slowly increases the crystallinity with time once near the equilibrium
molecular weight[27].

The acetic acid aged PA11 enters a diﬀerent equilibrium molecular weight of
18 kDa compared to 36 kDa for water. Once in the equilibrium Mm, the increasing
crystallization through thermal annealing also becomes proportional to decreasing
ultimate strain, Figure 4-2.

For butanoic acid aged PA11, the equilibrium molecular weight is below
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18 kDa, but PA11 aged in butanoic acid became brittle before the equilibrium
molecular weight was reached. Particularly interesting was that the degradative
brittleness occurs at the same degree of crystallinity through chemicrystallization
process in butanoic acid aged PA11 as annealing at the equilibrium Mm for water
aged PA11, the dark blue symbols in Figure 4-1.

Figure 4-2 illustrates the two ways to change or increase the crystallinity
as measured by the enthalpy of fusion (∆Hfus), the degradation induced
thermodynamic chemicrystallization and the annealing processes. The
degradation chemicrystallization process occurs as the shortened polymer chains
align more quickly and are absorbed onto and thickened the lamellar regions.
The classic slower thermal annealing occurs once at the equilibrium Mm, where
temperature determines the molecular mobility, and in time, this mobility results in
formation of poorly aligned lower temperature ∆Hfus melting crystalline regions.
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Figure 4-1:
Aging Mm over time for P40TLO PA11 in water, acetic and butanoic
accelerated aging environments; color is the ultimate strain where red is ductile and blue
is brittle. Averaged experimental data of X-water; O-acetic acid aged; and •-butanoic acid
aged, and error bars are the standard deviation calculated from 3 or more data points.
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Figure 4-2:
Crystallinity over time, with ultimate strain color overlay where red is
ductile and blue is brittle. Averaged experimental data of X-water; O-acetic acid aged; and
•-butanoic acid aged, and error bars are the standard deviation calculated from 3 or more
data points.
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Rapid aging preempts annealing crystallization and results in
chemicrystallization. Figure 4-2 shows very fast crystallinity increases that are
spontaneous and thermodynamically favored with the rapidly decreasing Mm of the
acid aged PA11. Increases in crystallinity at a rate of 6.5 J⁄g⁄day for butanoic, 3.2
J⁄g⁄day

for acetic aging and 1.8 J⁄g⁄day for water aging during their approach to an

equilibrium Mm. These rates of increase compare well with the initial decreasing
Mm rates: 7 J⁄g⁄day for butanoic, 3.6 kDa⁄day for acetic, and 1.6 kDa⁄day for water aged
of Figure 4-1.

Beyond the initial rapid increase in the crystallinity and decrease in Mm, the
water aged samples spend extended time, 160 days, at the Mme. This results in the
slower annealing increase of the ∆Hfus with a modest 10 to 20 % decrease in the
ultimate strain. But once above a ∆Hfus of 70 J⁄g, regardless of the crystallization
process, both water and acid accelerated aged PA11 samples are in the brittle
regime. Thus, at a ∆Hfus of 70 J⁄g brittleness is expected at molecular weights
below 45 kDa. Figure 4-2 and Table 4-1 show the onset of the transition from
ductility to brittleness began at 55 J⁄g, and brittleness occured at 70 J⁄g, a region
where the ultimate strain was brittle. Equally important, the diﬀering ultimate strain
values at diﬀerent crystallinities given the same Mm showed that the crystallinity
was of fundamental importance to embrittlement, but alone did not govern the
ultimate strain of PA11.
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Figure 4-3:
∆Hfus as a function of the Mm during aging. Color is the ultimate strain
where red is ductile and blue is brittle. Averaged experimental data of X-water; O-acetic
acid aged; and •-butanoic acid aged, and error bars are the standard deviation calculated
from 3 or more data points.
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Figure 4-3 showed in greater detail the suggested relationship of the
decreasing Mm and ∆Hfus to the ultimate strain, the color values. The onset
at 35 kDa for both acid accelerated systems chemicrystallization controlled
crystallization had an apparent linear relationship with decreasing Mm. Figure 4-3
showed that the rapid chemicrystalline growth, preemptive of the slower annealing
crystalline process, followed the same linear slope at the onset of 35 kDa for both
acid accelerated systems; a slope of 1.6 J⁄g⁄kDa. This relationship of the molecular
weight to chemicrystallization and lamellar thickening increasing the crystallinity
has been previously shown[9-12, 28-33].

Time at a fixed temperature and fixed Mm results in thermal annealing of
PA11. The much longer 40 plus days aging time at 120 ˚C in water versus 9
days in acetic and 4 days in butanoic, resulted in increased crystallinity during
further aging at the equilibrium Mm. Due to the lack of thermal annealing, the
acid accelerated aged PA11 had greater than 200 % ultimate strain, at 20 kDa
as it approached its equilibrium Mm. This ductility at 20 kDa is 15 kDa below the
molecular weight of 35 kDa where water aged PA11 had a similar ductility and
both approach the ductile-brittle phase transition. With time the water aged PA11
at much higher Mms had an ultimate strain below 100 % with Mm between 35 and
40 kDa as expected from thermal annealing.

The longer aging time beyond the 40 days in water, where the equilibrium
molecular weight of 35 kDa Mme is achieved, results in the annealing driven
crystallinity increases during 200 days aging at 120 ˚C. There are small
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decreases in ultimate strain with increasing crystallinity from 65-81 J⁄g in the
water aged samples at the equilibrium molecular weight of 35 kDa. A maximum
crystallinity was achieved at 81 J⁄g, and an ultimate strain of 75 % was observed. It
might be expected that the aged PA11 samples at higher ∆Hfus values such as 81
J⁄g,

would degrade their ultimate strain further with decreasing Mm.

The focus of Figure 4-4 was ultimate strain as a function of Mm. For both acetic
and butanoic accelerated aging, ultimate strains greater than 300 % are possible
at Mm values in the range of 30 ±5 kDa. The butanoic 4 days aged and 5 days
aged showed 365% and 332% ultimate strain at 35 kDa and 30 kDa respectively.
This was in direct comparison to the water aged samples from day 42 to 240
days, 35 ±5 kDa with ultimate strain ranging from 75 to 100 %. That was a 200 %
greater ultimate strain at the same molecular weight. Overall, the acid accelerated
samples showed decreasing Mm with unexpectedly high ultimate strain values at
Mms far below 30 kDa where water aged PA11 is at equilibrium Mm (Mme) and in the
ductile to brittle transition region. After 250 days of aging in water, the crystallinity
for water aged 35 kDa PA11 is 81 J⁄g, 15 J⁄g beyond a proposed critical crystallinity
of 66 ±3 J⁄g, and where the ultimate strain remained semi-ductile below 100%, at
80% ultimate strain.

77

%, Ultimate strain

J/g, Hfus

600
70
500
60

400

300

50

200
40
100

kDa, Mm

20

40

60

80

100

120

Figure 4-4:
Ultimate strain as a function of molecular weight. Color is the crystallinity
measured through ΔHfus in J⁄g strain where high crystallinity and blue low crystallinity.
Averaged experimental data of X-water; O-acetic acid aged; and •-butanoic acid aged,
and error bars are the standard deviation calculated from 3 or more data points.
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Chain entanglements in the amorphous phase are the key to ductility and
an ultimate strain greater than 50 %. The amorphous regions are between
the crystalline regions and decrease with increases in crystallinity[26]. Thus
increased crystallinity and decreased molecular weight both result in a reduction
of entropic molecular chain entanglement. That is the cause of embrittlement in
PA11. Previously the onset of embrittlement has been correlated to the distance
between crystalline regions using small angle x-ray diﬀraction[8]. The results in
Figure 4-4 show that a critical crystallinity of PA11, ∆Hfus at 66 ±3 J⁄g can also be
used to indicate the ductile-brittle transition onset of PA11, independent of Mm.

Focusing on the region of embrittlement, Figure 4-5 displays how for both
water aged samples and acid accelerated aged samples, crystallinity is correlated
with decreasing ultimate strain. The figure shows that higher Mm values have
semi-ductile behavior, while lower Mm shows brittle PA11 for similar ∆Hfus. At a
Mm range of 35 ±5 kDa for water and 18 ±3 kDa for acid aging, Figure 4-5 shows
diﬀerent areas of embrittlement for PA11 based on rate of Mm degradation. At the
higher crystallinity values of the water aged PA11, 70-81 J⁄g, the ultimate strain is
75 to 107 %. This semi-ductile characteristic can be attributed to the higher value
of Mm, 35 ±5 kDa. This result compares with the slightly lower ∆Hfus, 68 – 74 J⁄g,
acid accelerated results that are brittle with less than 50 % ultimate strain, and
attributed to the lower Mm value of 18 kDa.
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Figure 4-5:
A closer look at the embrittlement region; color is the ultimate strain where
red is ductile and blue is brittle. Averaged experimental data of X-water; O-acetic acid
aged; and •-butanoic acid aged, and error bars are the standard deviation calculated from
3 or more data points.
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At a molecular weight as low as 20 kDa, the acid aged PA11 was ductile,
and had a 250 % ultimate strain, with a crystallinity of 50 J⁄g for the acid aged
PA11, less than the proposed critical crystallinity value of 66 J⁄g. For the rapid
acid aged, the brittle phase transition occurs at lower molecular weights at 66 J⁄g
crystallinity content.

The size of the amorphous phase is key to ductility and high ultimate strains
as the crystalline regions are rigid. As the crystallites develop in the PA11 matrix,
the molecular volume of the amorphous chain entanglement regions are reduced
in size. This was the molecular basis for the eﬀect that crystallinity had on ultimate
strain, ductility.

The molecular weight provides the initial key information required to predict
the embrittlement of PA11, as is well known. But the crystallinity content becomes
increasingly influential with annealing and during the Mm approach to 35 kDa.
When the crystallinity was low, at a heat of fusion below 60 J⁄g , a Mm as low as 20
kDa remains ductile. Conversely when the Mm was 38 kDa with a 68 J⁄g ∆Hfus, PA11
was at the onset of the ductile brittle phase transition. Once PA11 has reached
the equilibrium Mm at 120 ˚C, the brittleness of the PA11 progresses with a slow
increase in crystallinity due to annealing.

These experimental results on the correlated eﬀect of crystallinity and
molecular weight on embrittlement suggest there is both a critical crystallinity of
70 J⁄g, and a critical molecular weight of 16 ±3 kDa. Together these experimental
81

critical embrittlement values can be used to model and predict the ultimate strain
behavior of PA11 based on the inter-related molecular properties of Mm and ∆Hfus,
as they change over time, Equation 4-1. The best fit parameters for Equation
4-1 were:

0

=491, the starting ultimate strain value; hc =55 J⁄g, the critical ∆Hfus;

h0 =31, the starting ∆Hfus; h is the ∆Hfus; m is the Mm; mc =14, kDa the critical Mm;
A =0.24, the fitting coeﬃcient for Mm eﬀect on ultimate strain; and B =0.88, the
fitting coeﬃcient of ∆Hfus, eﬀect on ultimate strain. With the known starting PA11
ultimate strain, the ratio of critical values to current values of molecular Mm and
∆Hfus properties, the ultimate strain can be predicted and monitored with greater
accuracy, precision, and understanding. Use of Equation 4-1 is explored and
evaluated in Figure 4-6.

Equation 4-1:

=

0

(1 - A mm

c

-B

hc - h - h0
hc

)

Matlab fitting software was used to fit the model to the data. Starting values
were used in the least-squares fitting routine to minimize the least squares fit, and
solved for each value:

0

, mc, hc, h0, A, and B; with an R2 of 0.82. Table 4-1 lists the

starting values, range, and fit results for each value
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Table 4-1:
The input values and range limits that were used in a non-linear east
squares fit of Equation 4-1 to the experimental data are listed. The fitted best fit values for
each parameter are listed, with an R2 of 0.82.

Equation
parameters
(%)
0
A

Input value
550
0.5

Range
±100
±0.5

v
491
0.24

mc (kDa)

21

±10

14

B
hc (J⁄g)
h0 (J⁄g)

0.5
70
36

±0.5
±20
±6

0.88
55
31
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Figure 4-6:
Model predicted color coded or a
en m and ∆Hfus. Averaged
experimental data of X-water; O-acetic acid aged; and •-butanoic acid aged overlayed on
the model predictions. Error bars are the standard deviation calculated from 3 or more
data points.
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Figure 4-7:
3-D plot: Model predicted color coded or a
en m and ∆Hfus.
Averaged experimental data of X-water; O-acetic acid aged; and •-butanoic acid aged fit
to the model. Error bars are the standard deviation calculated from 3 or more data points.
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4.4

SUMMARY

Table 4-2 highlights the contrasting experimental results that were observed.
From these results for both the acid accelerated and water aged systems, the
linear increase of ∆Hfus with decreasing Mm initiated at the previously determined
critical Mm of 35 kDa describes the transition from ductile to semi-ductile to brittle.
Table 4-2:

Summary of key observations.
J⁄g

∆Hfus
31
39

%
592
350

Observation #
1
2

kDa, Mm
110
35

3

35

65 - 81

107 - 75

4
5

20
10 - 15

58
70

250
< 50

In summary, these experimental results showed a ductile PA11 down to a
degraded critical Mm of 16 ±3 kDa with low crystallinity. For the crystallinity,
a critical embrittlement value of 70 J⁄g could be observed in Figure 4-3, with a
transition to brittleness starting at 66 J⁄g. That crystallinity and molecular weight
both eﬀect the mechanical or ultimate strain properties is textbook[25], but the
ability to decouple the eﬀect of total crystallinity from the eﬀect of molecular
weight has now been achieved by studying PA11 degradation at diﬀerent rates but
the same temperature. The description of how crystallinity and molecular weight
were correlated with the ultimate strain was based on the combined results of the
three aging studies. These three studies decoupled the correlated eﬀects of the
molecular properties of crystallinity and molecular weight and their influence on
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the ultimate strain of PA11. This resulted in development of an empirical model to
predict the ultimate strain as a function of the molecular weight and crystallinity for
PA11, Equation 4-1.

The modeling approach, while empirical, is based on aging data and has an
appropriate application in the field use of PA11. Future work may include more
research to understand how the

and

crystalline forms of PA11 can eﬀect the

macroscopic mechanical properties of PA11. This would create a more detailed
model to understand and predict the mechanical behaviors of semicrystalline
polymers such as PA11, based on the additional property of crystal structure.

4.5

CONCLUSION

To understand the ductile-brittle transition region of PA11, the rate of Mm
degradation was varied by water and acid accelerated aging and the correlated
eﬀects of Mm and crystallinity upon the ultimate strain of PA11 were decoupled.

The results showed that there is a critical crystallinity content of PA11 that
determines the onset Mm of the ductile-brittle phase transition (66 J⁄g) and when the
crystalline content goes beyond 70 J⁄g, brittleness ensues. Mm governs the ductility
until the equilibrium Mm is reached. In water aging, the approach to embrittlement
progresses slowly with increasing crystallinity once degraded to the constant
equilibrium molecular weight. When PA11 has reached the equilibrium Mm, the
brittleness of the PA11 progresses with increasing crystallinity due to annealing.

87

In this study, a Mm range of 35 ±5 kDa for water and 16 ±3 kDa for acid
accelerated are the two areas of embrittlement for PA11. For the high crystallinity
values of the water aged PA11 at the 35 kDa equilibrium Mm and ∆Hfus of 70-81 J⁄g,
the ultimate strain remained in the ductile to brittle transition, below 100 % and
greater than 50 %. This semi-ductile characteristic can be attributed to the
relatively high Mm of 35 ±5 kDa compared with acid aged PA11 that is ductile down
to 18 ±3 kDa with ∆Hfus, 58 J⁄g. Acid aged PA11 becomes brittle with less than 50
% ultimate strain and is attributed to the combination of the lower Mm, below 15
kDa, with higher crystallinity, ∆Hfus of 68 – 74 J⁄g.

For PA11, the ∆Hfus along with Mm measurements are needed to monitor and
predict the conditions for the onset of the ductile to brittle transition and when
embrittlement occurs. The proposed model based on the three aging experiments
can be used to predict the ultimate strain of PA11 during aging and during in-situ
use in the field, by measuring both the crystallinity and molecular weight.
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4.7

SUPPLEMENTARY DATA

Table 4-3:
Molecular weight (kDa), crystallinity (J⁄g) and ultimate strain (%) data
collected for aging in water, acetic, and butanoic acid at 120 ˚C, as discussed in the text.

Sample
Day #
Unaged
0
P1

Mm (kDa)
129, 121, 96,
108, 96

P2

0

Water
aged
P1

Acetic
aged
P1

Butanoic
aged
P2

∆Hfus (J⁄g)

(%)

31

573, 583, 665, 548

77, 97, 81, 78,
93, 95, 103, 87

36

331, 355, 333, 388, 380,
359, 461, 413, 369, 357,
347, 404, 368, 345

30

52

58

339

42
50
70
91
120
150
200
240

35, 36
30, 33
35, 38
31, 32
39, 32, 40
36
38
39

66
67
68
73, 76
76
77
80
81

212
98
107
90
81
80
83
75

6

64, 51

40

473

9
21
27
35
60

24
21, 22, 24
19, 19
15, 10
13

48
63, 58, 60
58
70, 72
74

388
371
249
28
1

4

31, 33

39

258, 395, 312, 337, 393

5
7
9
10
12
16
21
25

27, 32
25, 26, 22, 29
18, 20
18, 16, 17
15, 11, 18
13
12
9

47
63, 51, 49, 52
65
56, 55, 63
61, 62, 62
69
72, 67
65

294, 367, 336
304, 346, 316, 359
179, 180, 129
146, 147, 92
133, 117, 101
17, 20, 17
9, 8, 9, 10, 11, 10
1
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Chapter 5
The Reduction of Hydrolytic
Degradation in Polyamide-11 by
the Addition of Graphene Oxide
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5.1

INTRODUCTION

Polyamide-11 (PA11) is a widely used engineering polymer. PA11 comprises
the pressure sheath liner in contact with the production fluid at elevated
temperature and pressure in flexible hoses for underwater transport of gas, oil,
and crude to oﬀshore platforms. As such, PA11 fulfills a vital role in the global
economy. Degradation and failure of these hoses has far-reaching financial and
environmental implications. Currently, the molecular weight of PA11 is used to
predict the operational lifetimes of the PA11 liner[1, 2] and hydrolysis of the PA11
is the mechanism for degradation in anaerobic environments such as the condition
of underwater crude oil risers. Improving the properties of PA11 as a pressure
sheath motivates this research on the hydrolytic degradation of graphene oxide
(GO) loaded PA11: GO-PA11 polymer nanocomposite.

Polymer nanocomposites are high potential alternatives to filled polymers
or polymer blends[3]. Since Usuki, Kojima [4], polymer nanocomposites have
shown valuable performance property enhancements at much lower loadings
than conventional glass and carbon fiber micron scale fillers; this can lead to
simplified processing and innovation. Graphene is an atomic single layer of
carbon, a 2-D carbon-honeycomb crystal structure with remarkable properties. It
would be advantageous if graphene’s properties - an extremely high modulus of 1
terapascal (TPa), an ultimate strength of 130 gigapascal (GPa), a gas impermeable
honeycomb network, and superior electrical and thermal conductivity[5, 6] - could
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be lent to polymers by means of creating graphene-polymer nanocomposites[3,
7-10]. The challenge is to disperse graphene as single nano-sheets into polar
solvents and into the polymer matrix.

A wide interest in graphene’s exceptional strength has revitalized research
involving the analogous compound graphene oxide (GO). GO has nearly the same
strength and barrier properties as pristine graphene, given the very high aspect
ratio planar honeycomb structure. GO has the same honeycomb structure as
graphene with oxygen-containing functional groups on the surface of the planar
carbon. These oxygen containing functional groups are ketones, 6-membered
lactol rings, alcohols, epoxides, and hydroxyl groups[11]. As a result, GO is
a polar hydrophilic material compared to graphene, which is nonpolar and
hydrophobic. GO, unlike graphene, can be dispersed into water and solvents[8]
commonly used in polymer precursor resins or mixtures to create GO-polymer
nanocomposites. Also, the oxide groups on the GO surface can be reacted with
functional groups for improved dispersion and incorporation into a polymer matrix.

GO-polymer nanocomposites are easily made by exfoliating graphitic oxide
into graphene oxide nanosheets (GO) using a compatible solvent in-situ with
the polymer. Various methods of making graphitic oxide have been developed,
starting with Brodie[12] in 1859, modified Brodie[13, 14], Staudenmaier[15],
Hofmann[16], Hummers[17], modified Hummers[18], and most recently Tour[19]
in 2010. Importantly, synthesis of graphitic oxide is suitable for industrial scale
GO production[20, 21]. Many GO-polymer nanocomposites have been made
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using polyurethanes, polyimides, polyamides, and other polymers[3, 7-10].
Properties reported to be improved by incorporating GO, functionalized GO, and
functionalized graphene into polymers include: electrical conductivity[22-29],
thermal conductivity[30, 31], thermal stability[22, 31-35], permeability[22-26,
29, 31-33, 36-41], and mechanical properties[22, 23, 26, 29, 31, 32, 34, 35, 38,
41-43]. Well dispersed GO nanoparticles in a polymer can change the chemical
and morphological properties of the polymer, resulting in significantly improved
performance properties.

In previous research on GO-PA11, Jin, Rafiq [38] extruded thermally reduced
GO into commercial PA11 at loadings ranging from 1 to 30 mg⁄g reduced GO-PA11.
They showed that water vapor and oxygen permeation resistance of PA11 films
were increased by 49 % at a 1 mg⁄g loading and reported on the tensile properties
of funcationalized graphene loaded PA11. Yuan, Wang [44] prepared 1.25 to 5 mg⁄g
GO-PA11 by in-situ melt polycondensation and discussed improved toughness
and correlated changes in crystal structures that were formed when GO was
loaded into PA11.

Here the hydrolytic degradation of GO-PA11 and the eﬀect GO had on the
PA11 matrix crystallization was explored.

5.2

EXPERIMENTAL

GO was incorporated into PA11 via in-situ melt condensation polymerization
(GO-PA11). The aging of PA11 and GO-PA11 was accelerated by immersing
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0.3 mm thick, 1 cm2 samples in 15 mL of deionized water at elevated temperatures
of 100 ˚C and 120 ˚C. The extent of hydrolytic degradation was measured by
monitoring the change in mass averaged molecular weight (Mm) of PA11 over time.
For PA11, a hydrolytic aging equilibrium molecular weight (Mme) was established
after extended aging times in anaerobic conditions. The Mme is very important: if
the Mme is above the ductile-brittle transition then PA11 can retain its toughness[1].

GO was synthesized using Hummers method[17], and dispersed in water by
ultrasonication (Cole-Parmer EW-04711-40 homogenizer 750-Watt) at 35 % of max
power for 30 minutes. The resulting solution of GO in water was filtered using a G4
glass fiber filter paper (Fisher Scientific) to remove unreacted graphitic particles.
The GO particle water dispersion was then measured by solvent evaporation
and mass to have a concentration of 0.3 mg⁄g. To visualize the particles, a spin
processor (Laurell: WS-650Sz-6NPP-Lite) was used to apply a single layer of GO
particles to a cleaved sheet of mica (Ted Pella, V5). An atomic force microscope
(NT-MDT, model: NTEGRA) was used to characterize the dimensions of the
GO sheets. The sheet sizes in the collected filtered GO⁄water dispersion were
observed to be 0.3-1 µm laterally and 1 nm in height, Figure 5-1.
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8.0 nm
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Figure 5-1:
Atomic force microscope height image (from GO-water dispersion)
distributed on mica.
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Dry 11-aminoundecanoic acid powder was mixed with the filtered GO⁄water
dispersion at a concentration of 1 mg and 5 mg of GO per gram of powder. Water
was added to the mixture for a total volume of 15 mL. An ultrasonication tip was
submerged in the mixture and sonication at 35 % of maximum power proceeded
for 30 minutes with continuous stirring at 300 rpm and a maximum temperature of
30 ˚C.

A homogeneous golden-brown mixture of GO-monomer settled with a clear
water supernatant. The mixture was poured into a Teflon® lined vessel and placed
in an oven at 100 ˚C for 60 minutes. The result was a uniformly brown dry powder
mix of GO-monomer. The GO-monomer mixture was placed under argon at 235
˚C for 4 hours of melt condensation static polymerization with in-situ thermal
reduction of GO’s carbon oxygen ratio[45] to make GO-PA11; PA11 fabrication
followed the same method. For convention, a concentration of 1 mg⁄g GO-PA11 was
termed 1-GO-PA11 and 5 mg⁄g GO-PA11 was 5-GO-PA11.

Aging samples were prepared by slowly hot pressing the PA11 and GOPA11 between two Teflon® surfaces at 250 ˚C under argon to make films of
approximately 300 µm thickness. Then 1 cm2 coupons were cut from the films and
ten coupons were immersed in deionized water over a period of 3 - 4 months at
elevated temperatures of 100 ˚C and 120 ˚C to accelerate aging. For containment
vessels, Ace #40 high-pressure rated glass tubes with Teflon® plugs were used.
Before sealing the pressure tubes, dissolved oxygen was removed by sparging the
water with argon in situ for an oxygen presence below 50 ppm.
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Mass average molecular weight (Mm) measurement details are on page 20.
The SEC-light scattering Mm measurements in this work have a 6% instrumental
error. The error was determined by the standard deviation divided by the mean for
six consecutive Mm measurements on a single solution of unaged laboratory-made
PA-11.

The GO-PA11⁄HFIP solutions were darkened by the presence of GO, indicating
that HFIP is not an ideal solvent for GO. The dissolved GO-PA11 solutions were
filtered through a 0.45 µm porosity Teflon filter to determine the molecular weight
measurements. All visible GO in solution was filtered by the Teflon® filter. The GO
diameters in the representative AFM image, Figure 5-1, were on average greater
than 0.5 µm, and so it was assumed that the majority of the GO nanoparticles were
filtered from the solution. Additionally, the 0.2 µm stainless steel frit column guard
was unaﬀected by injections after filtering out the GO, indicating that the polymer
solutions being measured on the SEC-MALLS are free of GO contamination.

Diﬀerential scanning calorimetry (DSC) was used to measure the heat of
fusion and re-crystallization in PA11. The DSC was a TA Instruments Q20 and was
calibrated using indium. A ramp rate of 3 ˚C⁄min was used to heat, cool, and re-heat
the samples under nitrogen from 40 to 220 ˚C. The integration limits were 140 ˚C
to 200 ˚C for the heating ramps and 130 ˚C to 190 ˚C for the cooling ramp. The
root of the peak onset maximum slope with the peak baseline set to zero is the
fusion or crystallization onset temperature.
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Optical microscopy images were taken with an IX71 Olympus Inverted
microscope and a LUCPLFLN, 40x (0.6 NA) objective. Transmission bright field
and cross polarized light images were taken. In transmission mode the light
passes through the sample. With cross polarizers, the birefringent and therefore
visible crystalline regions of PA11 and 1-GO-PA11 were imaged. For PA11 and
1-GO-PA11, optical glass microscope slides were prepared by melt pressing the
PA11 or 1-GO-PA11 for 30 seconds at 250 ˚C under argon flow, then ambient
cooling to room temperature. The 5-GO-PA11 was microtomed to obtain a sample
thin enough for optical transmission, less than 150 nm.

Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR)
was used to probe the chemical functional groups and intermolecular interactions.
Spectra were taken using an IR Tracer-100 Shimadzu FTIR with a MIRacle 10
Single Reflectance ATR accessory at a resolution of 2 cm-1 and averaged from
32 scans from 600 to 4000 cm-1. After adjusting to a common baseline and
normalizing to peak 2851 cm-1, the work of Skrovanek, Painter[47] was followed
to de-convolute the 1635 cm-1 carbonyl oxygen peak using MagicPlot software to
measure the relative concentration of free and hydrogen bonded amide oxygen
groups characterized at 1684, 1654, and 1635 cm-1. The heights of the deconvoluted peaks were used to compare the relative concentration of hydrogen
bound carbonyl oxygen groups. The half height peak width of the 3304 cm-1 N-H
was also used to probe the hydrogen bonding behavior of the amide hydrogen.

The Mme, hydrolysis rate constant (kH), and solid state polymerization (kP) rate
104

constant were determined during accelerated molecular weight degradation by
fitting the literature mathematical model of amide hydrolysis to the measured Mm
per aging time using nonlinear least squares [48-50]. The values kH and kP, which
were used to fit the changing values of molecular weight with time, reflect the
composition of the aqueous aging environment and its eﬀect on the hydrolysis
process. The previously published model was derived from the condensationhydrolysis kinetics described by the kinetic Equation 2-1 on page 15.
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5.3

RESULTS AND DISCUSSION

The Mme of 1-GO-PA11 was 10 kDa larger than that obtained for PA11 at both
100 ˚C and 120 ˚C, Figure 5-2. This is an impressive increase of 50 % at both
temperatures. Using Equation 2-12 and a least squares fit, the hydrolysis (kH)
and solid state re-polymerization (kP) rate constants were determined and listed
in Table 5-1. At 120 ˚C, both kH and kP were reduced for 1-GO-PA11 compared
with PA11. The higher loading, 5-GO-PA11 showed no change in the rate of
hydrolytic degradation compared with PA11. The absence of this eﬀect at the
higher concentration was attributed to a poor nano-particle dispersion as shown in
Figure 5-3. In summary, Figure 5-2 and Table 5-1 show that the 1-GO-PA11 kH was
reduced by a factor of 2 and the Mme was increased by 50 % at both temperatures.
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In the 1-GO-PA11, there are three species involved in the amide hydrolysis
reaction: polyamide chains, GO, and water. Within Figure 5-4 - Figure 5-7 are
the elementary amide hydrolysis reaction mechanisms by which the amide bond
in the polymer chain is weakened resulting in chain scission and a reduction in
molecular weight. Figure 5-4 shows the initial resonance stabilization of the amide
bond. Three elementary chemical mechanisms for chain scission have been
identified: base catalyzed[51-55], acid catalyzed[56-59], and water assisted[60,
61]. The activation energies have been determined to be 21, 31, and 99 kJ⁄mol
for the base catalyzed, acid catalyzed, and water assisted mechanisms of amide
hydrolysis respectively[62]. Computationally, Zahn [60] found the activation
energies to be 66, 78, and 147 kJ⁄mol. Thus, given equivalent concentrations of OHand H+, the base catalyzed pathway is favored; the water assisted hydrolysis of an
amide bond is the least favored pathway.

The base catalyzed hydrolysis mechanisms are shown in Figure 5-5. Zahn
[51] computationally studied the mechanism of base catalyzed hydrolysis of the
amide bond, and found that the base catalyzed Pathway II is favored. Zahn [51]
also found that no proton transfer reaction led to the simultaneous protonation of
the amide nitrogen and deprotonation of the hydroxyl group. As well, the amide
anion is a poorer leaving group than an alkoxide ion, and in the base catalyzed
hydrolysis, the proton transfer to the amide anion is considered the rate limiting
step[63, 64].
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Figure 5-2:
Mm of PA11 aging in water over time at 100 ˚C and 120 ˚C. Mme of 1-GOPA11 was approximately 10 kDa higher than PA11 and 5-GO-PA11 at 100 ˚C and 120 ˚C
aging temperatures, respectively.
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Table 5-1:
Rate constants and Mme for GO-PA11 aged in water; determined using
Equation 2-12 and a non-linear least squares fit.

˚C
mg⁄g
Aging
Temperature GO Loading
100
0
1
5
120
0
1
5

KH ×10-2

Kp ×10-5

2.8 ±0.5
1.8 ±0.5
2.9 ±0.6
12 ±2
4.5 ±1.1
13 ±2

5.0 ±1.5
10.0 ±4.0
6.8 ±2.4
23 ±7
17 ±5
19 ±5
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kDa
Mme
24
34
24
24
34
23

±3
±3
±3
±3
±3
±3

a) PA11

b) PA11, cross-polarized

c) 1-GO-PA11

d) 5-GO-PA11

Figure 5-3:
60 x 60 µm transmission optical microscopy images of PA11 bright field
(6a), cross-polarized (6b), 1-GO-PA11 bright field (6c), and 5-GO-PA11 bright field (6d).
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The four step acid catalyzed hydrolysis mechanism is shown in Figure 5-6.
The first step is the protonation of the carbonyl oxygen of the amide bond. Zahn
[65] found in a computational study that the second step, nucleophilic attack of
a water molecule to the carbon atom of the amide group, is the rate determining
step. The third step is the intermediate de-protonation of the carbonyl oxygen
and protonation of the amide nitrogen, quickly followed by the dissociation of the
protonated amine and the carbonyl acid.

The water assisted hydrolysis mechanism is shown in Figure 5-7. The water
assisted mechanism involves two water molecules that act in a concerted process
and utilize a Grotthuss mechanism of proton hopping through hydrogen bonding.
The first step and rate determining step are the nucleophilic attack of the amide
carbon and simultaneous protonation of the amide nitrogen[60].

PA11 is a semicrystalline polymer. Amide hydrolysis in PA11 is understood to
occur in the amorphous region rather than the impermeable crystalline domain.
An important component of the crystalline formation is hydrogen bonding. The
hydrogen bonding between adjacent amide groups is responsible for the higher
melting temperatures of polyamide crystalline structures when compared with a
non-polar semicrystalline polymer such as polyethylene. Additionally, hydrogen
bonding between nearby amide bonds also occurs in the amorphous regions.
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The GO nanoparticles are large immobile 2-D nano-thin barriers within the
PA11 matrix. Consequently, they will reduce molecular mobility within the polymer.
As such, we suggest that the GO nano-sheets reduce molecular mobility for both
PA11 chains and water thus resulting in fewer accessible hydrolysis sites. To
provide evidence for GO’s reducing chain mobility, we characterized GO’s eﬀect
on the rate of crystallization in PA11 and GO-PA11 - unaged and aged using DSC.
Nanoparticles are known to aﬀect the crystalline morphology of PA11[44, 66-75].
The DSC test was a standard heat, cool, heat sequence at 3 ˚C⁄min between 40
and 220 ˚C. Figure 5-8 shows the DSC curves of the unaged and 80-90 days
aged samples in three columns from left to right to indicate the heat (fusion), cool
(crystallization), and heat (fusion) curves. The peak integration values of specific
heat of fusion (∆Hfus) and crystallization (∆Hc) are listed in Table 5-2.

Peak and onset temperatures are respectively tabulated in Table 5-3 and
Table 5-4 for the fusion and crystallization of PA11 and GO-PA11. The eﬀect of the
previous thermal history on the semi-crystalline behavior of PA11 is revealed in the
first heat ramp. The first heat ramp both reveals the previous thermal history on
the semi-crystalline behavior of PA11 and melts the PA11 to erase that previous
thermal history. The 3 ˚C⁄min controlled cooling ramp measures the aﬀect that GO
has upon the crystallization behavior of PA11, both nucleation and growth. The
second heating ramp compares how the total crystallization growth is aﬀected by
the GO loading.

The enthalpy of fusion, ∆Hfus, is the heat require to melt the crystalline regions
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of PA11. In Table 5-2, a lower total ∆Hfus indicates a decrease in the crystallinity of
the GO-PA11 after heat, cool, and re-heat ramps.

During aging at 100 and 120 ˚C, the PA11 matrix was annealed, resulting in
increased crystallinity. Quantified by the peak total area, the first heating ramp
reveals the extent of annealing for the PA11 and GO-PA11 samples via their
∆Hfus. Before aging, PA11 had 25% crystallinity, using 189 J⁄g as 100% crystalline
PA11[76]. Upon aging and annealing PA11, the crystallinity increased to 34% and
48% at 100 and 120 ˚C; a relative increase of 36% and 92%, respectively. The
1-GO-PA11 starts with a crystallinity of 25% and has lower relative increases of
12% and 76% at the same annealing conditions.

These results show the GO nano-sheets hindered crystallization annealing
in PA11 during aging at these temperatures. The 1-GO-PA11 samples have the
lowest ∆Hfus in both 100 and 120 ˚C conditions indicating a large immobilizing
eﬀect on the polymer chains. Again, the decreased eﬀect of the 5-GO-PA11 as
previously described is attributed to agglomeration and poor dispersion of 2-D
nano-particles.
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Figure 5-8:
DSC scans for unaged, 100 ˚C, and 120 ˚C 80-90 days aged PA11
unloaded, 1-GO-PA11, and 5-GO-PA11. The DSC test was a standard heat, cool, heat
sequence at 3 ˚C⁄min between 40 and 220 ˚C. The 3 columns from left to right are 1st heat
ramp from 40 ˚C to 220 ˚C, followed by a cool ramp to 40 ˚C, and a 2nd heat ramp to
220 ˚C. The rows top to bottom are unaged, 100 ˚C, and 120 ˚C aged samples.
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Table 5-2:
Integration values of diﬀerential scanning calorimetry heat flow peaks from
140 ˚C to 200 ˚C for GO-PA11 and PA11, aged and unaged samples. The error margin is
2.5 J⁄g per measurement and peak integration.

Sample
Unaged

100 ˚C
aged

120 ˚C
aged

J⁄g

J⁄g

J⁄g

1 Heat Ramp
∆Hfus
47.5
46.5
46.0

Cooling Ramp
∆Hc
50.0
42.5
44.0

2 Heat Ramp
∆Hfus
48.0
49.0
49.0

0

63.0

60.0

60.0

1
5

53.0
57.5

50.0
53.5

55.0
56.0

0

91.0

65.5

61.0

1

82.0

53.5

59.0

mg⁄g

GO Loading
0
1
5

st
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nd

Table 5-3:
DSC peak temperatures for GO-PA11 and PA11, aged and unaged
samples. The peak temperatures are accurate within 0.5 ˚C.

Sample
Unaged

100 ˚C
aged

120 ˚C
aged

˚C
1st Heat Ramp
Tfus,m
187.5
190.0
187.5

˚C
Cooling Ramp
Tc,m
166.5
169.5
169.0

˚C
2nd Heat Ramp
Tfus,m
187.5
188.5
187.0

0

189.5

168.5

189.5

1
5

191.0
189.5

173.0
174.0

190.0
187.5

0

184.5, 190.5

170.0

190.0

1

182.0, 187.0,
191.0

173.5

191.0

mg⁄g

GO Loading
0
1
5
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Table 5-4:
DSC onset melting and formation temperatures for GO-PA11 and PA11,
aged and unaged samples. The onset melting and formation temperatures are accurate
within 0.5 ˚C.

Sample
Unaged

100 ˚C
aged

120 ˚C
aged

˚C
1st Heat Ramp
Tfus,o
GO Loading
0 175.5, 180.5
1 178.5, 180.0
5 175.0, 176.5
mg⁄g

˚C
Cooling Ramp
Tc,o

˚C
2nd Heat Ramp
Tfus,o

167.0
175.0
176.0

177.5, 178.5
181.0
178.0

0

182.5, 183.5

170.5

178.0, 183.0

1
5

179.5, 183.5
177.5, 179.5

179.0
180.0

181.5
177.5

0

181.0, 186.5

172.0

180.0, 184.5

1

174.0, 177.5,
181.5

179.5

182.5
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The melting temperatures (Tfus,m) in Table 5-3 for PA11 and GO-PA11 are
indicative of the thermal stability of the polymer crystalline regions. A lower prepeak Tfus,m, 184.5 ˚C, becomes increasingly prominent for the PA11 when aged
at 120 ˚C. The 184.5 ˚C pre-peak is attributed to poorly formed crystalline
structures[71, 76-79]. As seen in Figure 5-8, the PA11 has the largest pre-peak
at 184.5 in the first heating ramp after aging at 120 ˚C. Conversely, the poorly
formed crystals are not favored in the 1-GO-PA11 and there is an additional
intermediate melting peak at Tfus,m 187.0 ˚C. The highest Tfus,m of 191.5 ˚C
indicates that the annealed GO-PA11 has the most stable crystalline structure. We
attribute this increase in the annealed crystalline melt temperature after aging to
intermolecular attractive interactions between the GO sheets and the polyamide
matrix as will be shown from the ATR-IR spectra.

After the first heating ramp on the DSC, the polymer sample melts and its
thermal history erased. With controlled cooling, the heat of re-crystallization
(∆Hc) can be characterized. The ∆Hc values compare the integrated crystalline
region formation in PA11 and GO-PA11. The decrease in the ∆Hc for GO-PA11
compared to PA11 indicates that the chain mobility during cooling is inhibited by
the inclusion of GO nanoparticles.

The GO-PA11 has a higher ∆Hc onset temperature (Tc,o) and lower ∆Hc value
than PA11, Table 5-4. The unaged PA11 has a Tc,o of 167 ˚C that increases to 170
(+2%) and 172 (+3%) ˚C after aging at 100 and 120 ˚C. The increase in Tc,o after
aging correlates to lower molecular weights. For a polyamide, crystalline regions
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form more quickly at lower molecular weights due to increased mobility and ease
of alignment of the shorter polymer chains[80]. Both GO-PA11 show a 9 ˚C higher
Tc,o with a broader reaction peak than unloaded PA11. The 1-GO-PA11 samples
initially have a 175 ˚C Tc,o. After aging at 100 ˚C, the Tc,o increases to 179 (+2%)
˚C; aging at 120 ˚C increases the Tc,o to 180 (+3%) ˚C. The increased Tc,o of the
GO-PA11 samples is evidence that the GO nano-particles are nucleating sites
resulting in higher crystallization onset temperatures.

The crystalline regions in PA11 are expected to be impermeable to water
molecules and therefore hydrolysis would take place solely in the molecularly
mobile amorphous regions. Since GO-PA11 has a lower crystalline content, it
might be expected that an increased percentage of amide bonds in the amorphous
regions would result in an increase in hydrolysis. However, the well dispersed
1-GO-PA11 shows a 50% higher Mme than the PA11, Figure 5-2.

Similarly, when PA11 is plasticized with N-n-butylbenzenesulfonamide
(BBSA), the BBSA increases the amorphous content in PA11 and the plasticized
PA11 exhibits a higher equilibrium molecular weight than neat PA11[48, 81].
The function of BBSA is to hydrogen bond with amide bonds and prevent
intermolecular hydrogen bonding between amide bonds resulting in lower
crystallinity.

From the amide bond hydrolysis elementary mechanisms for base hydrolysis
Figure 5-5, acid hydrolysis Figure 5-6, and water assisted hydrolysis Figure 5-7,
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it is clear that both the availability of water molecules and hydrogen bonding are
required for amide hydrolysis. Thus the BBSA’s disruption of inter-chain hydrogen
bonding also inhibits hydrolysis. Changes in the hydrogen bonding behavior
in 1-GO-PA11 is another proposed possible explanation for GO inhibiting the
hydrolysis process, in addition to its large immobile nano-sheet structure that
inhibits polymer chain and water mobility.

Infrared spectroscopy probes the PA-11 inter-molecular interactions, and
hydrogen bonding behavior at the amide bonds. Figure 5-9 shows the FTIR
spectra for PA11 and 1-GO-PA11, unaged and aged. The characteristic peaks
are: 1158 cm-1, an interaction of the N-H stretch and O=C-N deformation; 1539
cm-1, the amide II characteristic peak a C-N stretch; 1635 cm-1, the amide I
characteristic peak a carbonyl oxygen stretch; 2851 cm-1, symmetric C-H aliphatic
vibration; 2919 cm-1, asymmetric C-H aliphatic vibration; and 3304 cm-1, the
stretching of the amide N-H bond.

Hydrogen bonding in the PA11 matrix is an intermolecular interaction between
the amide hydrogen and the carbonyl oxygen of a neighboring amide bond.
Skrovanek, Painter [47] first studied the use of FTIR to detect hydrogen bonding
interactions within a PA11 polymer. Skrovanek, Painter [47] found de-convoluting
the 1635 cm-1 peak of the carbonyl oxygen revealed three peaks that could be
characterized at 1635, 1654, and 1684 cm-1. The 1635 cm-1 sub-peak is a lower
energy carbonyl vibration correlated to aligned hydrogen bonding. The 1654 cm-1
peak is un-aligned amorphous hydrogen bound carbonyl oxygens. And, the 1684
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cm-1 peak is correlated with carbonyl oxygen groups that are free of hydrogen
bonding. Following the work of Skrovanek, Painter [47], the amide bond 1635 cm-1
peak of the carbonyl oxygen was de-convoluted to probe the hydrogen bonding
interactions at the amide bond. Through deconvolution of the 1635 cm-1 amide
C=O, no diﬀerence was observed at the carbonyl oxygen peaks for PA11 and GOPA11: further details can be found in the supplementary material.
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Figure 5-9:
Attenuated total reflectance fourier tranform infrared spectra of PA11 &
1-GO-PA11, and aged PA11 & aged 1-GO-PA11.
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Figure 5-10 plots the half height peak widths of the 3305 cm-1 N-H stretching
peak for the PA11 and 1-GO-PA11, unaged and aged. The peak widths are
associated with the distribution of hydrogen bonding orientations of the amide
bond hydrogen. With aging, the PA11 shows a decline in the distribution of
hydrogen bonding orientations; from 54 to 34 ±2 cm-1. The 1-GO-PA11 shows
less decline in the 3304 cm-1 peak widths; from 54 to 39 ±2 cm-1. The broader
distribution of hydrogen bonding orientations in the GO-PA11 has also been
correlated previously to the lower overall crystallinity content[47].

In aged 1-GO-PA11, the N-H stretch has a broader distribution than aged
PA11, Figure 5-10. Further 1-GO-PA11 has an increased intensity at the 1158 cm-1
peak - an interaction of the N-H stretch and O=C-N deformation. These results
show that the GO with C=O groups present on the surface[82] are interacting with
the N-H amide hydrogen of polyamide. This interaction reduces the molecular
mobility of the PA11 chain and thereby reducing the rate of hydrolysis and rate of
the crystallization.
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Figure 5-10:
The peak widths centered at 3305 cm for PA11, 1-GO-PA11, and
5-GO-PA11 and grouped by unaged and aged at 120 ˚C for 90 days.
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In summary, the large immobile GO, a 2-dimensional sheet in the amorphous
phase, inhibits molecular mobility and competes for hydrogen bonding with
polyamide’s amide hydrogens. Both of these eﬀects inhibit amide hydrolysis of
the amide bond. It is the decrease in chain mobility and water molecules, and
hydrogen bonding interactions between GO and the N-H bonds of the polymer
chains, that leads to a lower hydrolysis rate for the well dispersed 1-GO-PA11,
Table 5-1. These two eﬀects of GO’s large sheet shape and its surface functional
groups interacting with the polymer chain, were also shown to similarly reduce
polymer chain mobility in polyimide[83].
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Figure 5-11:
60 x 60 µm cross polarized transmission optical microscopy images of
100 ˚C and 120 ˚C aged PA11 and 1-GO-PA11.
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A transmission optical microscope was used in cross-polarization mode to
observe the birefringence of the crystalline regions within PA11 and 1-GO-PA11.
Figure 5-11 showed that well dispersed GO within the polymer matrix alters the
micro-crystalline morphology of PA11. The 1-GO-PA11 showed less birefringence
than PA11. The aged PA11 showed the most birefringence, and broader bands
of birefringence, banded spherulites, for both the 100 and 120 ˚C, with widths
of 0.94 ±0.27 and 1.03 ±0.15 µm respectively. This is associated with bundling of
laminar stacks and higher crystallinity[70, 76]. The larger bundled laminar stacks
in aged PA11 are absent in the aged 1-GO-PA11 optical images. The bundles of
laminar stacks in 100 and 120 ˚C aged 1-GO-PA11 appear much thinner with
widths of 0.71 ±0.18 and 0.67 ±0.07 µm respectively. Zhang, Yu [77] reported
a similar crystalline behavior in montmorillonite-PA11 nanocomposites. These
smaller crystalline domains agree with the lower crystallinity DSC results for 1-GOPA11 in Table 5-2.

The optical images of 5-GO-PA11 show that GO was highly agglomerated,
Figure 5-3. In 5-GO-PA11, the GO sheets are in contact with each other. This
aggregation resulted in no eﬀect on the Mme compared with the finely dispersed
GO in the 1-GO-PA11 nanocomposite.
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5.4

SUMMARY AND CONCLUSION

A concentration of 0.1 wt% GO in PA11 produced a 50 % increase over PA11’s
equilibrium molecular weight when aged in water at 100 and 120 ˚C, respectively.
No improvement was observed in the 0.5 wt% GO-PA11 due to GO agglomeration.
Fitting the previously reported kinetic model to aging results showed an increase
in equilibrium molecular weight, when the GO particles were well dispersed. This
was due to a reduction in the model’s hydrolytic rate constant relative to that of
re-polymerization.

GO-PA11’s decreased ability to crystallize showed that the presence of GO
decreased molecular mobility within the nano-particle polymer system. Based
on the heat of fusion, both as prepared nanocomposites decreased the amount
of PA11 crystallinity slightly. Additionally, the heat of fusion for all three aged
materials were nearly comparable after the second heat suggesting that there
was no aﬀect upon crystallinity. There was a big eﬀect for the aged samples. On
aging at both 100 ˚C and 120 ˚C, the GO-PA11 had significantly less crystallinity
demonstrating a reduction in the rate of annealing. After heating above the melting
temperature and cooling, the GO again inhibited the rate of crystallization, but the
materials were nearly comparable suggesting no eﬀect on the crystallinity. The
decrease in the annealing rate of crystallization in the aged samples is attributed
to GO’s large immobile nano thickness sheet structure, which inhibited chain
mobility within the polymer nanocomposite.
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ATR-FTIR spectra showed that the graphene oxide’s surface C=O groups
hydrogen bond with the polyamide’s N-H groups. This interaction further inhibits
polymer mobility.

In summary these two factors, the large immobile nano thin GO sheets and
the intermolecular interaction between the GO’s surface C=O groups with the
polyamide’s N-H groups, significantly reduced the mobility in the GO-polymer
resulting in a reduction in the rate of crystallization and most importantly the rate
of degradation by hydrolysis.
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5.6

SUPPLEMENTARY DATA

Hydrogen bonding in the PA11 matrix is an intermolecular interaction
between the amide hydrogen and the carbonyl oxygen of a neighboring amide
bond. Skrovanek, Painter [47] first studied the use of FTIR to detect hydrogen
bonding interactions within a PA11 polymer. Skrovanek, Painter [47] found deconvoluting the 1635 cm-1 peak of the carbonyl oxygen revealed three peaks
that could be characterized at 1635, 1654, and 1684 cm-1. The 1635 sub-peak is
a lower energy carbonyl vibration correlated to aligned hydrogen bonding. The
1654 peak is un-aligned amorphous hydrogen bound carbonyl oxygens. And, the
1684 peak is correlated with carbonyl oxygen groups that are free of hydrogen
bonding. Following the work of Skrovanek, Painter [47] the amide bond 1635 cm-1
peak of the carbonyl oxygen was de-convoluted to probe the hydrogen bonding
interactions at the amide bond. Through deconvolution of the 1635 cm-1 amide
C=O, no diﬀerence was observed at the carbonyl oxygen peaks for PA11 and GOPA11.

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATRFTIR) spectra was taken using an IR Tracer-100 Shimadzu FTIR with a MIRacle
10 Single Reflectance ATR accessory, a resolution of 2 cm-1, and averaged from
32 scans between 600 to 4000 cm-1. After adjusting to a common baseline and
normalizing to peak 2851 cm-1, the work of Skrovanek, Painter [47] was followef
to de-convolute the 1635 cm-1 carbonyl oxygen peak using MagicPlot Student
2.5.1 software and measure the relative concentration of free and hydrogen bound
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amide oxygen groups characterized at 1635, 1654, and 1684 cm-1 peak positions.
The heights of the de-convoluted peaks were used to compare the relative
concentration of hydrogen bound carbonyl oxygen groups.

We normalized each spectra using a multi-point baseline and then
normalized the spectrum to the symmetric aliphatic C-H stretch at 2851 cm-1. The
deconvolutions were performed between 1590 and 1800 cm-1 using MagicPlot
Student 2.5.1 software, Figure 5-15 - Figure 5-23. Two additional peaks were
observed near 1725 and 1618 cm-1.

Figure 5-12, Figure 5-13, and Figure 5-14 are bar plots of the peak heights
for the best fit de-convoluted 1684, 1654, and 1635 peaks respectively. The
1635 peaks are lower energy carbonyl vibrations correlated to stronger oriented
hydrogen bonding. The 1654 peak is un-aligned amorphous hydrogen bound
amide bond carbonyl oxygen. The 1684 peak is correlated with carbonyl oxygen
groups that are free of hydrogen bonding. Figure 5-14 shows that from our deconvolution fits, the PA11 and 1-GO-PA11 have the nearly the same content of free
carbonyl acid groups before and after aging, no change in the hydrogen bonding
behavior at the carbonyl amide oxygen. Instead we saw an eﬀect at the amide N-H
peak, 3305 cm-1.
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Figure 5-12:
The deconvoluted peak heights centered at 1635 cm are grouped based
on material; PA11, 1-GO-PA11, and 5-GO-PA11; then by unaged and aged at 120 ˚C for
90 and 120 days.
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Figure 5-13:
The deconvoluted peak heights centered at 1654 cm are grouped based
on material; PA11, 1-GO-PA11, and 5-GO-PA11; then by unaged and aged at 120 ˚C for
90 and 120 days.
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Figure 5-14:
The deconvoluted peak heights centered at 1684 cm are grouped based
on material; PA11, 1-GO-PA11, and 5-GO-PA11; then by unaged and aged at 120 ˚C for
90 and 120 days.
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Figure 5-15:
PA11, ATR-FTIR spectra between 1590 and 1800 cm de-convoluted
using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-16:
PA11 aged 90 days at 120 ˚C, ATR-FTIR spectra between 1590 and 1800
cm-1 de-convoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-17:
PA11 aged 120 days at 120 ˚C, ATR-FTIR spectra between 1590 and
1800 cm-1 de-convoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-18:
1-GO-PA11, ATR-FTIR spectra between 1590 and 1800 cm-1 deconvoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-19:
1-GO-PA11 aged for 90 days at 120 ˚C, ATR-FTIR spectra between 1590
and 1800 cm-1 de-convoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-20:
1-GO-PA11 aged 120 days at 120 ˚C, ATR-FTIR spectra between 1590
and 1800 cm-1 de-convoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-21:
5-GO-PA11, ATR-FTIR spectra between 1590 and 1800 cm-1 deconvoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-22:
5-GO-PA11 aged 90 days at 120 ˚C, ATR-FTIR spectra between 1590 and
1800 cm-1 de-convoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Figure 5-23:
5-GO-PA11 aged 120 days at 120 ˚C, ATR-FTIR spectra between 1590
and 1800 cm-1 de-convoluted using Gaussian peak shapes at 1635, 1654, and 1684 cm-1.
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Chapter 6
Enhancing Polyimide’s Water
Barrier Properties through
Addition of Functionalized
Graphene Oxide
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6.1

INTRODUCTION

Polyimides (PI) are a family of high-performance polymers that derive excellent
mechanical strength, thermal resistance, and chemical resistance from their
stable and stiﬀ imide bonds. As a result, polyimides can be found in a wide array
of industrial applications such as electric motors, jet engine blades, aircraft wire,
and molded pistons and seals. Recent aerospace applications of PI films include
the Mars Explorers Curiosity and Spirit [1], the European Space Agency’s Rosetta
space probe [2], and the sun shield of NASA’s James Webb Space Telescope
[3]. In all of the PI applications, eﬃciency can be improved by using less material
to eﬀect the same utility. Additionally, in some cases, the use of PI can enable
new applications or technologies in extreme environments, e.g. outer space. In a
global eﬀort to make better and enabling materials, many diﬀerent fillers and nanofillers have been researched for polyimide composites and nano-composites. In
recent years, graphene has been researched as a nano-filler to make polyimide
nanocomposites with new and advantageous properties.

Research in graphene-PI nanocomposites has been motivated by lending
graphene’s extremely high modulus of 1 TPa, ultimate strength of 130 GPa, gas
impermeable honeycomb network, and high electrical and thermal conductivity [4]
to the polymer matrix. A challenge in creating graphene-polymer nanocomposites
is graphene’s extremely hydrophobic and chemically unreactive pristine carbonhoneycomb structure. It is diﬃcult to disperse graphene single layer nano-sheets
into the polar solvents typically used for polymerization and synthesis.
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The increased interest in graphene’s exceptional properties has revitalized
interest in an analogous polar compound, graphene oxide (GO). GO has the same
honeycomb structure as graphene but with oxygen-containing functional groups
on the surface of the planar structure. These oxygen-containing functional groups
are ketones, 6-membered lactol rings, alcohols, epoxides and hydroxyl groups [4].
First produced in 1859 by Brodie [5] and later by Hummers Jr. and Oﬀeman [6],
graphitic oxide can be dispersed into water or organic solvents commonly used
in polymer precursor resins to create GO-polymer composite materials [4]. A
wide range of GO-polymer nanocomposites have been researched previously for
polyurethanes, nylons, and many other polymers including several PI systems, with
as many variations on GO synthesis, functionalization, and composite fabrication
technique [4, 7-17]. Many GO-PI works show improvements in Young’s modulus
[18-20], tensile strength [18, 20], gas barrier properties [19, 21], electrical
conductivity [19, 20, 22], and decreases in thermal stability [19, 22].

Regarding tensile modulus and strength improvements published on loading
GO into PI, Wang, Yang [23] used loadings of 0.3 to 5 wt% and found a maximum
1400 % increase in tensile modulus and a 990 % increase in tensile strength for
GO sheets functionalized with 4-4’ oxydianiline (ODA) in a PI of the monomers
3,3,4,4-benzophenonetetracarboxylic dianhydride (BTDA) and ODA. Tseng,
Liao [24] used very low loadings of GO in a PI of bicyclo[2.2.2]oct-7-ene-2,3,5,6tetracarboxylic dianhydride and ODA, between 0.001 and 0.01 wt% to eﬀect 66 %
improvement in the tensile modulus while maintaining optical transparency. Shi,
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Li [18] found an increase of tensile strength by 29 % and Young’s modulus by
25 % with an addition of 0.12 wt% GO in a PI system comprised of 4,4’-bisphenol
A dianhydride, 4-4’-oxydiphthalic anhydride and diaminophenyl methane. Zhu,
Lim [19] found an increase of the Young’s modulus by 282 % in a 30 wt% GO-PI
system comprised of the monomers pyromellitic dianhydride and ODA. Park, Kim
[20] found an increase of 172 % in the modulus and an 64 % increase in tensile
strength with the addition of 0.5 wt% of surface functionalized GO in PI system
compromised of pyromellitic dianhydride and ODA. Qian, Wu [25] with a PI of
3,3,4,4-Biphenyl teracarboxylic dianhydride and ODA monomers showed a 79 %
improvement in the tensile strength and a 132 % increase in the tensile modulus
are achieved by adding 1.5 wt% 3-aminopropyltriethoxysilane functionalized GO.
Wang, Lan [26] loaded 3 wt% amino functionalized GO into PI of 3,3,4,4-Biphenyl
teracarboxylic dianhydride and p-phenylenediamine monomers to eﬀect 63 %
increase in modulus and 55 % increase in the tensile strength. Over the past few
years, papers have reported on the increased eﬀect on mechanical performance
properties by functionalizing the surface of GO. A few papers have focused on
comparing the eﬀect of diﬀerent functionalizing procedures on the improvement on
performance properties, primarily in epoxies[27-30] and in polyimides[20, 31-33].

Regarding gas barrier properties of GO loaded PI films: Zhu, Lim [19]
determined that incorporation of GO nano-sheets from 1 to 30 wt%, reduced
the oxygen transmission rate through the PI film with a maximum reduction of
93 %. Lim, Yeo [31] report a reduction in oxygen permeability of a factor of 95 %
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at 0.5 wt% and a reduction of >99% at 5 wt%. Park, Kim [20] using 2 wt% iodofunctionalized GO found a 73 % decrease of water vapor transmission in their
PI system. Tseng, Liao [24] at the very low GO loadings of 0.001 to 0.01 wt%
found a maximum of 90% decreased water vapor transmission rate in the GO-PI
nano-composite. Kwon and Chang [34] investigated the gas permeability of GOPI and organically modified hectorite clay, and functionalized hexadecylaminegraphene sheets. They found that from 3 to 20 wt% loadings of functionalized
hexadecylamine-graphene sheets in PI of 4,4-biphthalic anhydride (BPA) and
bis(4-aminophenyl) sulfide (APS), the oxygen transmission decreased 48 % to
92 %, respectively. From this brief literature review of GO-PI and functionalized
GO-PI nanocomposite it is clear that the gas or water vapor permeability and
tensile properties are improved, but the properties vary according to the polyimide
used and the surface chemistry of the graphene oxide.

In order to understand the molecular interactions between the polymer and
GO that lead to gas permeability and tensile improvements, two types of GO-PI
composite films are synthesized with very low 0.01, 0.03, 0.06, and 0.1 wt% GO
loadings. The loading of 0.01 wt% is a factor of ten lower GO-PI loading than the
commonly used particle loadings in polymers. The two types of GO-PI composites
synthesized diﬀer in their GO surface chemistry. The first type uses as produced
GO and then was thermally reduced during in-situ PI synthesis at 300 ˚C [33]. In
the second type, GO was reacted with the ODA monomer to make ODAGO prior
to being added to the polyamic acid resin and thermally imidized at 300 ˚C to
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become ODAGO-PI.

The diﬀering eﬀect on performance properties of functionalized versus unfunctionalized is explored for the first time at these very low concentrations
through water vapor barrier, water uptake, and tensile measurements on both
types of composites. The variation in improvement of the GO composite’s
properties presents a systematic comparison of the eﬀect of functionalized GO on
composite properties. The results show the important fact that large improvements
can be found in the performance properties at these much lower loadings of GO,
as low as 0.01 wt%, and that use of functionalized GO produces significantly
greater improvements than the widely used as-produced GO. Additionally, the
eﬀect of hydrogen bonding between the nano-sheets and the polymer matrix was
identified. This bonding stiﬀens the polymer chains, decreasing gas permeability
and increasing the tensile modulus beyond the usual eﬀect of GO’s high aspect
ratio sheet structure and high modulus.
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6.2
6.2.1

EXPERIMENTAL
GO Synthesis and Dispersion

GO was obtained by the synthesis procedure of Hummers[6]. Dry GO flakes
were massed and added to a flask of DMAc. This mixture was bath sonicated
in water using a Fisher Scientific FS110D sonicator for 30 minutes to result in a
homogenous GO-DMAc dispersion. To perform topographical characterization
of the exfoliated flake height, a Laurell WS-400Bz-6NPP-Lite Spin Processor was
used to disperse samples of each dispersion onto freshly cleaved muscovite mica
substrates (Ted Pella, PELCO®, Grade V5). Then, two atomic force microscopes
(Bruker, MultiMode and NT-MDT, NTEGRA) were used to perform dynamic-mode
scans of the substrates, obtaining height data on individual flakes.

6.2.2

Functionalization of GO Particles with ODA

Under nitrogen, an ODA-DMAc solution was added to a GO-DMAc dispersion
at a ratio of 15 mmol ODA per gram of GO. The ODA reacted with the GO under a
nitrogen flush 60 °C reflux for 24 hours to yield a dispersion of functionalized GO,
designated ODAGO.
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6.2.3

Polyimide Synthesis

The polyimide precursor, poly(amic acid)(PAA), was prepared from the
monomers benzophenone-3,3’ 4,4’-tetracarboxylic dianhydride (BTDA) and 4-4’
oxydianiline (ODA). Prior to use, BTDA was dried in a vacuum oven at 150 °C for
5 hours. Equimolar amounts of ODA and dry BTDA were independently dissolved
into dimethylacetamide (DMAc) to make two solutions. The dissolved BTDA was
added to a three-necked resin flask, followed by the ODA solution. The reaction
was stirred at room temperature under nitrogen for 48 hours. The resulting
poly(amic acid) resin (PAA) was obtained at 12 wt% solids in DMAc and was used
for the synthesis of both unloaded and loaded PI composite films[35].

An even layer of PAA was spread into a soda lime glass petri dish and this
dish of PAA was then placed into a Thermolyne 47900 Furnace to obtain a solid
PI film. Thermal cure was a ramp to 100 °C with a one hour isotherm followed
by a 2 hour ramp to 300 °C with a one hour isotherm, and returned back to room
temperature. The PI film was easily peeled from the glass and characterized[35].

6.2.4

GO Nanocomposite Synthesis

A solvent mixing technique was used to make the ODAGO-PI and GO-PI. The
GO-DMAc dispersion was mixed with the PAA to make GO-PAA. ODAGO-DMAc
was mixed with the PAA to make ODAGO-PAA. GO and ODAGO were added at
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0.01, 0.03, 0.06 and 0.10 wt% per PAA solids. The GO-PAA and ODAGO-PAA were
spread into petri dishes and subjected to the same cure cycle used to produce
the PI films.

6.2.5

Raman Spectroscopy

Raman measurements were performed on an inverted microscope (Nikon, TiU)
with a laser wavelength of 632.8 nm from a HeNe laser (Research Electro-Optics,
LHRP-1701) with an excitation power of 2 mW. The laser was filtered (Semrock,
LL01-633-25) and focused to the sample using a 20× objective (Nikon CFI, N.A.
= 0.5). Scattering from the sample was filtered (Semrock, LP02-633RS-25) and
focused to the entrance slit of the spectrograph (Princeton Instruments, SP2356,
600 g mm−1 grating blazed at 500 nm). The observed Raman frequencies were
calibrated using a cyclohexane standard[36].

6.2.6

Water Vapor Transmission

Water vapor transmission rates were measured using ASTM E96-95: Methods
for Water Vapor Transmission of Materials. Samples were cut by hand into
approximately 1.5 cm squares. Thickness dimensions of approximately 0.05 mm
were measured with a iGaging EZ-Cal digital micrometer.

For each sample, a cylindrical vial was filled to approximately 75% capacity
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with the desiccant Drierite with color indicator (Acros Organics). Per vial, the
rim was coated with silicon vacuum grease. A square sample of the PI films was
placed on top of each vial rim and the vacuum grease created a seal between
the PI film and the glass to prevent water vapor passage. The vials were placed
in a 70% humidity sealed environment at 23 ˚C. Following ASTM E96-95, the
mass of each vial was measured over time. The rate of change of mass versus
time was used to calculate our relative water vapor transmission rate. Three to
seven samples were measured at each weight percent, the averages and standard
deviations were reported. Measurements were also made on Kapton Type HN 25
µm film and the DuPont reported permeability value was used as a standard when
the water vapor transmission rates were converted to permeability[39].

6.2.7

Water Absorption Analysis

Water absorption was determined using the procedure designated in ASTM
D750- 98 standard test: Method for Water Absorption of Plastics. Polymer
samples were cut into 1 × 3 cm strips with an average thickness of 50 µm. The
strips were left in a 100 °C oven for an hour prior to immersing in water to remove
any deposited ambient humidity. The strips were then submerged in deionized
water and kept at 23 ˚C. After 24 hours, measurements were made on three to
five samples and the averages and standard deviations were reported.
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6.2.8

Mechanical, Tensile Testing

A TA Instruments AR 100 instrument was fitted with adjustable film grips to
follow ASTM D882-73. The tensile stress⁄strain plots were produced to obtain
Young’s modulus on 5 to 15 samples. Averages and standard deviations were
calculated and reported.

6.2.9

Attenuated total reflectance-Fourier transform infrared

spectroscopy (ATR-FTIR)
Samples of ODAGO were prepared for ATR-FTIR by taking an aliquot of
the ODAGO-DMAc dispersion and adding isopropyl alcohol drop wise until the
ODAGO particles precipitated out of suspension. The precipitated dispersion
was centrifuged at 5000 RPMs for 10 minutes in a Universal 320 Centrifuge.
The supernatant was poured oﬀ and 5 mL of DMAc was added to dissolve any
unreacted ODA. The centrifugation and DMAc washing was repeated three times.
After the third wash, the ODAGO solids were removed and dried in a 55 °C
vacuum oven at 23inHg for 48 hours. Dry, solid ODA-GO spectra from 600 to
4000 cm -1 were obtained using the IRTracer-100 Shimadzu FTIR’s MIRacle 10
Single Reflectance ATR Accessor.
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Figure 6-1:

ATR-FTIR normalized absorbance spectra of ODA, ODA-GO and GO.
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The spectra are shown in Figure 6-1. For the unreacted GO spectrum,
characteristic peaks include 1050, 1620 and 1720-30 cm-1. The 1050 cm-1 peak is
a C-O vibration of an epoxy group. The 1620 cm-1 peak is the C=C stretch along
the graphene plane. The 1720-1730 cm-1 peak is the C=O stretch. Unique to the
ODAGO spectrum, the new peak at 1390 was the amide III peak that indicates
amide bonds were formed in the ODAGO. In addition, there was a new peak at 743
cm-1, not seen in the ODA nor in the GO, which was the N-H stretch of an amide
bond. Further the alkoxide⁄epoxide peak in the GO spectrum at 1050 cm-1 was
absent in the ODAGO spectrum showing the epoxide groups have reacted. On
the graphene surface, the amine groups of ODA monomer were expected to react
first with the epoxy groups as that peak was absent in the ODAGO, followed by
reactions with the less reactive oxide groups such as C=O. The carboxylic group
1732 cm-1 peak in the ODAGO was reduced in height compared with the peak in
the GO. In summary, the appearance of amide peaks as well as peaks absent in
the ODAGO spectra compared to the reagents used for its synthesis indicate that
the ODA chemically reacted with the GO and functionalization was successful.

6.2.10

Atomic Force Microscopy of GO and ODAGO Nano-

sheets
High resolution atomic force microscopy (AFM) images of the GO and ODAGO
sheets are shown in Figure 6-2 The range of lateral diameters for GO flakes
was observed to be 300 to 1200 nm with most GO observed to be ∼800 nm.
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From the profile, ODAGO is approximately 0.5 nm to 1 nm thicker than GO. The
functionalized surface is observed to much rougher in Figure 6-2 than GO due to
the ODA monomer.
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Figure 6-2:
Atomic force microscope images and profiles of graphene oxide (GO) and
ODA functionalized graphene oxide (ODAGO).
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6.2.11

Raman Spectra

Raman measurements were performed on an inverted microscope (Nikon, TiU)
with a laser wavelength of 632.8 nm from a HeNe laser (Research Electro-Optics,
LHRP-1701) with an excitation power of 2 mW. The laser was filtered (Semrock,
LL01-633-25) and focused to the sample using a 20× objective (Nikon CFI, N.A.
= 0.5). Scattering from the sample was filtered (Semrock, LP02-633RS-25) and
focused to the entrance slit of the spectrograph (Princeton Instruments, SP2356,
600 g mm−1 grating blazed at 500 nm). The observed Raman frequencies were
calibrated using a cyclohexane standard[36].

The so-called D and G peak intensities (ID and IG) of the Raman spectra peaks
of 1350 and 1600 cm-1 respectively, can be related to the integrity of the GO
honeycomb carbon lattice. The G peak is associated with sp2 hybridized carbon
of the carbon honeycomb lattice. The D peak relates to sp3 hybridized carbon, and
is associated with defects in the graphene carbon lattice[37]. The measured ID⁄
IG ratio for GO is 1.03 and the ID⁄IG ratio for ODAGO is 1.16, in Figure 6-3. Since
the ID⁄IG ratios remain similar after functionalization with ODA, the Raman confirms
that the impermeable GO honeycomb carbon lattice is maintained for the ODAGO
nano-sheets.
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Figure 6-3:

Raman Spectra of GO and ODAGO.
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1800

6.3
6.3.1

RESULTS AND DISCUSSION
Permeability

Water vapor permeability was significantly reduced as a result of incorporation
of functionalized ODAGO compared to un-functionalized GO nano-particles in the
PI matrix. A plot of permeability versus PI composition is shown in Figure 6-4. The
functionalized ODAGO-PI has a two to threefold greater reduction in water vapor
or permeability than GO-PI samples. The ODAGO-PI composite films had a tenfold reduction in water vapor transmission compared to the neat PI film. The 0.1
wt% ODAGO-PI films had the highest reduction in water vapor permeability, over a
factor of ten compared to the unloaded PI film.

GO-PI films also reduced water vapor transmission but were less eﬀective at
preventing water vapor transmission as ODAGO-PI films. At 0.01 wt%, the GOPI film demonstrated a 5-fold reduction of water vapor transmitted compared
to the neat system. The 0.1 wt% GO-PI had a 10-fold reduction in water vapor
transmission compared to the neat sample. The 0.1 wt% GO-PI had a greater
permeability than 0.01 wt% ODAGO-PI but the ODAGO-PI composite achieved this
reduction at a 10-fold lower loading than the GO-PI film.
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Figure 6-4:
Water vapor permeability for unloaded PI, GO-PI, and ODAGO-PI films at
23 ˚C and 70% humidity.
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Previous work done by Zhu et al. while studying oxygen transmission rate
of a diﬀerent PI film GO nanoparticle system showed a 73 % decrease of water
vapor transmission by inclusion of iodo-functionalized GO sheets at 0.2 and 1
wt%. This 73 % at double to ten times the herein GO percent loading compares to
the 90% reduction in ODAGO-PI. Recently, Tseng et al[24] reported a water vapor
transmission reduction of 91 % at 0.01 wt% GO loading and a decrease of 83 % in
water vapor transmission by inclusion of 0.0001 wt% GO in a diﬀerent PI matrix.
The herein results and those of Tseng show the potential for very large reductions
in water vapor transmission at very low GO nanoparticle concentrations,
especially when compared with previous results on gas transmission for polymer
nano composites containing organo-clay[34, 40]. Most important, these results
demonstrate that very low GO concentrations show a 2 to 3-fold decrease in water
vapor transmission using functionalized GO compared to un-functionalized GO.
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Figure 6-5:
Calculated aspect ratio of the nanoparticles in the PI nanocomposites
where the dashed line is for a value of 1000, an average aspect ratio for GO.
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To explain and expand upon the surprising eﬀect of the nanosheets on the
water vapor permeability, the results were analyzed using the Nielsen equation
for describing the tortuosity eﬀect for a polymer filled with plate-like particles[41].
The Nielsen Equation 6-1 can be used to calculate the eﬀective aspect ratio of the
particles in the composite from the decrease in the permeability,

Equation 6-1:

P c=

Pf (1-Vf)
1+ a/2 × Vf

Herein Pc is the composite permeability, Pf is the neat film permeability, Vf is
the nanoparticle volume fraction, and a is the aspect ratio, where the diameter
(D) of the nanoparticle is divided by the thickness (T). Figure 6-5 shows the
nanoparticle aspect ratios calculated for the GO and ODA GO films. Using an
approximate diameter of 800 nm and thickness of 1.5 nm for the GO and 2 nm for
the ODAGO, their expected aspect ratios are 530 and 400 to compare with the
Nielsen model.

The modeled aspect ratios are calculated to be much greater than the AFM
measured aspect values, particularly at the lowest loadings. The ODAGO aspect
ratios are higher than those for GO. The values decrease as the loading gets
larger. The modeled aspect ratios appear to approach experimental AFM particle
size measurements as the loading increases.

These results suggest another factor in addition to the tortuosity eﬀect induced
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by the high aspect ratio is producing the significant reduction in permeability at
the weight percent of 0.01 percent. One factor known to correlate with reduction
in permeability is reduction in mobility of the polymer chain. A reduction in chain
mobility in a polymer can be examined by the eﬀect of the nanoparticle on the
crystalline and glass phase transitions. It has been shown that GO nanoparticles
inhibit crystallization in clay polyamide polymers[42-49]. The eﬀect has been
described as due to an interaction of the nanoparticle’s surface with the polymer
chain resulting in a region of constrained polyamide chain mobility. Similar eﬀects
of GO on the crystallization of polyamide-11 have been observed and are a focus
of ongoing work on GO’s inhibiting hydrolytic degradation.

As polyimides are amorphous glassy materials, measurements of the glass
transition using a 30 ˚C⁄min ramp were made. The results in Figure 6-6 show an
increase in Tg at the highest weight percent. The nano-sheets inhibition of chain
mobility as seen by an increase in Tg and the eﬀect of clay and GO nanoparticles
on polyamide crystallization support the view that in addition to tortuosity,
nanoparticles can inhibit chain mobility adding to the reduction in water vapor
permeability.
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Figure 6-6:
Glass transition temperatures (Tg) of PI, GO-PI, and ODAGO-PI measured
using diﬀerential scanning calorimetry.
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The WXRD pattern, Figure 6-7, for the graphitic oxide stacked GO particles
had a peak at 2 of 11.98° corresponding to a spacing of 7.38 Å, which is in
agreement with literature data for stacked GO sheets. The spectra for the ODAGO
PI films and the GO-PI films showed only the characteristic amorphous halo,
indicating[50, 51] that the ODAGO and GO nano-particles were dispersed as
single sheets at these very low loadings.
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Figure 6-8:
Fourier Transform Infrared Spectra of polyimide (PI); graphene oxide
loaded PI (GO-PI) at 0.1 wt%; and ODA functionalized graphene oxide loaded PI (ODAGOPI) at 0.1 wt%.

184

The magnitude of nanoparticles aﬀecting chain mobility would be expected
to be dependent on the intermolecular interaction of the particle’s surface
chemistry with the chemical structure of the polymer. Thus as another means
to detect the eﬀect of the nanoparticles on the polyimide and its resulting water
vapor permeability, ATR-FTIR measurements were made on the neat PI film and
compared with the GOPI and the ODAGOPI films as seen in Figure 6-8. The
objective is to assess detectable interaction of the graphene nanoparticles with
the polyimide matrix and diﬀerences in the interaction between the ODAGO and
the GO nanosheets.

The known 1615–1620 cm−1 peak for graphene’s sp2 carbon structure was
clearly observed in GO-PI and ODAGO-PI. Several modest shifts in the position of
characteristic functional groups were observed and indicate interaction between
the nanosheets and the imide bonds. The 717 cm−1 imide ring vibration is shifted
up to 719 cm−1 for the GO-PI and up to 720 cm−1 for the ODAGO-PI. The 1287
cm−1 C-N imide stretch was shifted from 1287 cm−1 for PI to 1294 cm−1 for both
GO-PI and ODAGO-PI. These results showed that the C-N bond vibrates at a
higher frequency in the presence of ODAGO and GO. ODAGO and GO induced
a stronger C-N bond. A stronger and stiﬀer C-N bond indicates that the GO
and ODAGO interacts with the imide ring to cause the carbon-nitrogen bond to
vibrate at a higher energy and make a more rigid PI chain. The symmetric imide
carboxylic oxygen stretch peak increases from 1709 to 1714 cm-1 for both the
GO-PI and ODAGO-PI, which indicates decreased hydrogen bonding[52, 53].
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The neat polyimide hydrogen stretch at 3066 cm−1 was slightly down shifted to
3064 cm−1 in the GO-PI and up-shifted to 3069 cm−1 in the ODAGO-PI, the latter
suggesting increased hydrogen interactions between the ODAGO and the PI chain
than with GO and the PI chain. Finally, N-H bond stretching at 3480 cm−1 was
upshifted to 3486 cm−1 for both the GO-PI and the ODAGO-PI, indicating hydrogen
bond disruption. These results indicate that both the GO nanosheets and the
functionalized ODAGO sheets are interacting with the imide ring and strengthening
imide bonds in the polyimide. This produces a stiﬀer chain backbone and less
polymer chain mobility. Evidence that ODAGO has a slightly larger eﬀect than does
GO on the chain’s stiﬀness and resulting mobility is seen in the ODAGO’s versus
the GO’s eﬀect on the 3066 cm−1 shift.

6.3.2

Water Gain Analysis

Seen in Figure 6-9, all GO-PI materials demonstrated less water absorption
than the unloaded, neat PI film. Additionally, the functionalized ODAGO-PI had less
water absorption than the GO-PI films. When compared with the neat PI 0.01 wt%,
ODAGO-PI had half the water absorption; 0.06 wt% ODAGO-PI absorbed a third as
much water; and the 0.1 wt% ODAGO-PI absorbed two thirds as much water as the
neat system.
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Figure 6-9:
Percent water gain after 24 hours immersion in DI water for ODA-GO-PI,
GO-PI and neat PI.
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The GO-PI system demonstrated only a 10% reduction in water absorption
compared to the neat system at 0.01 wt%. At 0.06 wt%, the GO-PI system
demonstrated a 20% reduction in water absorption compared to the unloaded film.
The 0.1 wt% GO-PI demonstrated a 40% reduction in water absorption compared
to the unloaded film. The ODAGO loaded films demonstrate higher resistance
to water absorption than films loaded with unmodified GO. Thus reacting GO
with ODA is more eﬀective in producing GO nanoparticles that improve the
hydrophobic properties of the PI system.

6.4

MECHANICAL PROPERTIES

In Figure 6-10, Young’s modulus of the PI film increased with the addition of
both ODA-GO and GO nanoparticles. The Young’s modulus was most eﬀectively
increased by the addition of functionalized ODAGO nanoparticles. At 0.01 wt%,
ODAGO-PI had an average Young’s modulus of 3.3 GPa, a 45% increase
compared to the neat film. At 0.06 wt%, ODAGO-PI film exhibited a Young’s
modulus of 2.8 GPa, a 22 % increase. At 0.1 wt%, ODAGO-PI increased 82% to a
Young’s modulus of 4.1 GPa.

The increase in Young’s modulus was less in the GO-PI films. At 0.01 wt%
GO-PI, Young’s modulus was slightly less than neat PI. At 0.03 wt% GO-PI, Young’s
modulus increased 16% compared to the neat PI. The 0.06 wt% GO-PI gained 11%
in the Young’s modulus. The 0.1 GO-PI demonstrated an increase in the Young’s
modulus of 27%.
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At low loadings, the Young’s modulus increases for loaded PI are best
achieved by using the functionalized nanoparticle, ODAGO. The improved eﬀect
of functionalized GO on tensile modulus is attributed to the surface chemistry
of the GO being similar to the polymer and thereby increasing particle-polymer
intermolecular forces resulting in an increase in chain stiﬀness. In 2011, Wang et
al. [23] found a 6.6-fold improvement in the Young’s modulus at 0.3 wt% ODAGOPI and a 15-fold increase at 3 wt% ODAGO-PI, but using 3 to 300 times more
ODAGO.

6.5

CONCLUSION

Significant improvement in performance properties, most significantly in
reduction of water vapor transmission is possible at GO loadings of 0.01 weight
percent, a factor of ten lower than the vast majority of GO results in the literature
and a factor of over one hundred lower than most gas barrier results using organoclays.

Functionalizing the surface chemistry of the GO results in up to twice the
improvement in gas barrier properties compared with un-functionalized GOPI. The key is selecting a functionalizing molecule that readily reacts with the
epoxy groups on the surface of the GO and which creates strong intermolecular
attractive forces between the GO surface and the polymer. The resulting increase
in particle polymer interaction is shown to stiﬀen the chain, reduce its mobility, and
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significantly enhance the tortuosity eﬀect.

Water vapor permeability measurements to quantify gas barrier properties,
water gain analysis to quantify resistance to fluids, and mechanical tensile tests all
show that very low GO loadings of one part per ten thousand improve significantly
these performance properties. The largest improvements occurred using ODAGO.
The 0.01 wt% ODAGO-PI film demonstrated a large, 10 fold decrease in water
vapor permeability. The 0.10 wt% ODAGO-PI film displayed increases of 82 % in
the modulus. The 0.06 wt% functionalized GO-ODA PI film showed the largest 73 %
decrease in water absorption.

A much larger aspect ratio than observed using AFM measurements was
calculated based on the Nielsen equation. This is shown to occur due to
the additional eﬀect of ODAGO and GO interacting with the polymer chain
backbone, increasing the polyimide chain stiﬀness and thus decreasing mobility.
The magnitude of constrained polyimide mobility diminished with increasing
nanoparticle concentration and the eﬀective aspect ratio approached the AFM
measured value at the highest concentration. The constrained mobility eﬀect on
a per particle basis was strongest at the most dilute concentration. Here, the
nanosheet surface is surrounded by polyimide chains increasing particle polymer
intermolecular interactions and minimizing particle–particle interaction. The
nanoparticle surface interaction with the imide bond of the polyimide, constraining
molecular mobility, resulted in the large unexpected reduction in water vapor
diﬀusion, water absorption and an increase in the modulus at a very low loading of
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only 0.01 wt%, one part per ten thousand, adding significantly to the nanoparticles’
high aspect ratio and high modulus.
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Chapter 7
Conclusion and Future Directions
Macroscopic properties of polymers and in general all types of materials are
innately related to their molecular structure and intermolecular properties. This
dissertation oﬀered insight into how the molecular structure, chain properties,
and inter-molecular chain interactions within PA11 can be used to explain and
predict improved macro level performance properties; and how the addition of
graphene oxide nanosheets enhances the performance properties of PA11 and
polyimide(ODA-BTDA) through those same intermolecular interactions.

In Chapter 3, it was shown that small organic acids such as acetic, propanoic,
and butanoic in water significantly accelerate the rate of degradation due to
hydrolysis and reduce the recombination rate. Thereby small organic acids
produce a large reduction in the equilibrium molecular weight. Butanoic acid, the
weakest of these acids, has the largest eﬀect on the rate of hydrolysis and the
largest eﬀect on the reduction in the equilibrium molecular weight.

Small organic acids have a much larger eﬀect than an HCl water environment
at the same pH on the rate and extent of degradation. The fundamental molecular
basis for this previously unexpected and unreported result is the similarity in
structure to the polyamide and the solubility for these acids in their undissociated
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state to diﬀuse into the solid polyamide creating acid concentrations many times
that in the aging water-acid environment.

Chapter 4 utilized the small organic acid accelerated aging of Chapter 3 to
decouple the eﬀects of moleculer weight and molecular crystallinity properties
aﬀecting the ultimate strain macroscopic property of PA11. In water aging
the approach to embrittlement progresses slowly with increasing crystallinity
once degraded to the constant equilibrium molecular weight. Here Mm governs
the ductility until the equilibrium Mm is reached. When PA11 has reached the
equilibrium Mm, the brittleness of the PA11 progresses with increasing crystallinity
due to annealing.

A Mm range of 35 ±5 kDa for water and 16 ±3 kDa for acid accelerated
were the two areas of embrittlement for PA11 seen in this study. For the high
crystallinity values of the water aged PA11, ∆Hfus of 70-81 J⁄g, the ultimate strain
remains in the ductile to brittle transition below 100 % but greater than 50 %. This
semi-ductile characteristic can be attributed to the relatively high Mm of 35 ±5
kDa compared with acid aged PA11 that is ductile down to 18 ±3 kDa with ∆Hfus,
58 J⁄g. Acid aged PA11 becomes brittle with less than 50 % ultimate strain and
is attributed to the combination of the lower Mm, less than 15 kDa, with higher
crystallinity, ∆Hfus of 68 – 74 J⁄g.

For PA11, the crystallinity (∆Hfus) and Mm measurements are needed to monitor
and predict, based on the aging experiments, the conditions for the onset of the
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ductile to brittle transition and when embrittlement occurs. The proposed model
based on the three aging experiments can be used to predict the ultimate strain
of PA11 during aging and during in-situ use in the field, by measuring both the
crystallinity and molecular weight.

Chapter 5 showed the results of a study to use graphene oxide (GO) to
improve the degradation of PA11 and thereby retain the performance properties.
A concentration of 0.1 wt% GO in PA11 produced a 50 % increase over PA11’s
equilibrium molecular weight when aged in water at 100 and 120 ˚C, respectively.
No improvement was observed in the 0.5 wt% GO-PA11 due to GO agglomeration.
A similar higher equilibrium molecular weight occurs in the plasticized commercial
Besno P40 grade of PA11. Fitting the previously reported kinetic model to aging
results showed an increase in equilibrium molecular weight, when the GO particles
were well dispersed. This was due to a reduction in the model’s hydrolytic rate
constant relative that for re-polymerization.

GO-PA11’s decreased ability to crystallize showed that the presence of GO
decreased molecular mobility within the nano-particle polymer system. Based
on the heat of fusion, both as prepared nanocomposites decreased the amount
of PA11 crystallinity slightly. Additionally, the heat of fusion for all three aged
materials were nearly comparable after the second heat suggesting that there
was no aﬀect upon crystallinity. There is a big eﬀect for the aged samples. On
aging at both 100 ˚C and 120 ˚C, the GO-PA11 had significantly less crystallinity
demonstrating a reduction in the rate of annealing. After heating above the melting
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temperature and cooling, the GO again inhibited the rate of crystallization, but the
materials were nearly comparable suggesting no eﬀect on the crystallinity. The
decrease in the annealing rate of crystallization in the aged samples is attributed
to GO’s large immobile nano thickness sheet structure, which inhibited chain
mobility within the polymer nanocomposite.

ATR-FTIR spectra showed that the graphene oxide’s surface C=O groups
hydrogen bond with the polyamide’s N-H groups. This interaction further inhibits
polymer mobility.

In summary, these two factors, the large immobile nano thin GO sheets and
the intermolecular interaction between the GO’s surface C=O groups with the
polyamide’s N-H groups significantly reduce the mobility in the GO-polymer
resulting in a reduction in the rate of crystallization and most importantly the rate
of degradation by hydrolysis.

Chapter 6 expanded upon the performance improvememts that small amounts
of GO can have on performance properties based on amide bond interactions
at very low loadings down to 0.01 wt% in polyimide. Significant improvement in
performance properties, most significantly in reduction of water vapor transmission
is possible at GO loadings of 0.01 weight percent, a factor of ten lower than the
vast majority of GO results in the literature and a factor of over one hundred lower
than most gas barrier results using organo-clays.
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Functionalizing the surface chemistry of the GO results in up to twice the
improvement in gas barrier properties compared with un-functionalized GOPI. The key is selecting a functionalizing molecule that readily reacts with the
epoxy groups on the surface of the GO and which creates strong intermolecular
attractive forces between the GO surface and the polymer. The resulting increase
in particle polymer interaction is shown to stiﬀen the chain, reduce its mobility, and
significantly enhance the tortuosity eﬀect.

Water vapor permeability measurements to quantify gas barrier properties,
water gain analysis to quantify resistance to fluids, and mechanical tensile tests all
show that very low GO loadings of one part per ten thousand improve significantly
these performance properties. The largest improvements occurred using ODAGO.
The 0.01 wt% ODAGO-PI film demonstrated a large, 10 fold decrease in water
vapor permeability. The 0.10 wt% ODAGO-PI film displayed increases of 82 % in
the modulus. The 0.06% functionalized GO-ODA PI film showed the largest 73 %
decrease in water absorption.

A much larger aspect ratio than observed using AFM measurements was
calculated based on the Nielsen equation. This is shown to occur due to
the additional eﬀect of ODAGO and GO interacting with the polymer chain
backbone, increasing the polyimide chain stiﬀness and thus decreasing mobility.
The magnitude of constrained polyimide mobility diminished with increasing
nanoparticle concentration and the eﬀective aspect ratio approached the AFM
measured value at the highest concentration. The constrained mobility eﬀect on
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a per particle basis was strongest at the most dilute concentration. Here, the
nanosheet surface is surrounded by polyimide chains increasing particle polymer
intermolecular interactions and minimizing particle–particle interaction. The
nanoparticle surface interaction with the imide bond of the polyimide, constraining
molecular mobility, resulted in the large unexpected reduction in water vapor
diﬀusion, water absorption and an increase in the modulus at a very low loading of
only 0.01%, one part per ten thousand, adding significantly to the nanoparticles’
high aspect ratio and high modulus.

Future research from this body of work may include a detailed study on the
crystallinity formation and content due to the presence of GO and on the eﬀect
diﬀerent crystalline forms of PA11 has on performance properties. Overall, a
detailed study is needed on how the relationship between ∆Hfus, Mm, and ultimate
strain can be aﬀected by the addition of GO to the PA11 matrix. The aging
behavior of PA11 loaded with functionalized GO using various functionalization
molecules is of interest. The aging behavior of PA11 loaded with GO made from
diﬀerent graphitic oxide synthesis methods could be explored. Understanding
how to decouple possible crosslinking eﬀects on the performance properties of
GO-polymer composites from the eﬀects of the GO nanosheet on polymer chain
mobility. Each of these interests could be coupled with functionalized GO AFM tip
interactions with polyamides and polyimides.

Extending this research to boron nitride nanotubes is a research direction that
is currently underway.
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